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ABSTRACT 
 
The I-7 gene, which confers resistance to Fol race 3, was introgressed from 
Solanum pennellii and recently recognised as a new resistance gene distinct 
from the I-3 gene. Since the chromosomal location of I-7 was unknown, no 
markers were available for the marker-assisted breeding of I-7 genotypes. 
Therefore, one aim of this project was to identify the chromosomal location of 
the I-7 gene and develop reliable PCR-based markers suitable for the marker-
assisted breeding of I-7. Further aims were to identify and characterise the I-7 
gene, and examine the resistance phenotype conferred by I-7. 
 
GFP-tagged derivatives of Fol race 3 were generated (Chapter 2) to observe 
the infection process and determine the timing and location of resistance 
conferred by I-7. Previously, using a gene replacement strategy, the promoter 
from the Fol Avr3 effector gene was used to drive GFP expression and show that 
the Avr3 promoter was only expressed in fungal hyphae growing inside the 
plant root (van der Does et al., 2008a). Unfortunately, Avr3 replacement 
reduces pathogenicity, so new transformants were generated with ectopic 
insertions carrying a Avr3 promoter:GFP reporter construct. Microscopic analysis 
of tomato roots challenged with these transformants showed that fluorescent 
hyphae could be imaged successfully, but unfortunately these transformants 
also showed reduced virulence. 
 
After an intensive but unproductive marker-based search for the S. pennellii 
introgression carrying I-7 (Chapter 3), an RNA-seq experiment was conducted 
to identify Single Nucleotide Polymorphisms (SNPs) in root transcripts derived 
from genes in the introgressed region (Chapter 4). Sequencing of root 
transcripts from the tomato cultivars Tristar (carrying I-7) and M82 (lacking I-7) 
enabled detection of a large number of SNPs. A plot of SNP frequency against 
gene position revealed a higher frequency of SNPs in 18 transcripts encoded by 
a cluster of genes on chromosome 8. CAPS markers based on these SNPs 
showed strong linkage with I-7. An orthologue of Solyc08g077740 was identified 
as a candidate for I-7. Transcriptome sequencing was also used to identify 
genes responsive to Fol race 3 infection in Tristar (Chapter 4). Analysis of the 
RNA-seq data revealed 38 genes that were significantly upregulated in Tristar 
   
but not the susceptible cultivar M82, including a number of genes reported to 
have a role in plant defence. 
 
Alleles of the I-7 candidate gene were cloned and sequenced from I-7 resistant 
(Tristar) and susceptible (M82) cultivars of tomato (Chapter 5). Transgenic plants 
expressing these alleles were generated from susceptible tomato lines and 
tested for resistance to Fol. The Tristar transgene but not the M82 transgene 
conferred resistance to Fol race 3, showing that the S. pennellii allele of 
Solyc08g077740 is I-7. I-7 was also found to confer resistance to Fol races 1 and 
2. Based on predicted amino acid sequence, I-7 possesses a domain structure 
typical of extracellular leucine-rich repeat-receptor-like proteins. Further work to 
characterise I-7 (Chapter 6) found that I-7 resistance is dependent on the 
downstream signalling gene EDS1, and that I-7 confers resistance to Fol race 3 
through recognition of an effector protein other than Avr3. 
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Chapter 1.  Introduction 
 
Fusarium wilt caused by the fungus Fusarium oxysporum is an economically-
important disease worldwide that affects a number of agricultural industries 
such as tomato, banana, cotton, asparagus and watermelon (Summerell et al., 
2001). In tomato, Fusarium wilt is caused by Fusarium oxysporum forma specialis 
(f. sp.) lycopersici (Fol). 
 
Three races of Fol have been reported and named according to their order of 
discovery (races 1, 2 and 3). Fol races 1 and 2 were discovered over 50 years 
ago and have spread almost worldwide (Bohn and Tucker, 1939, Alexander 
and Tucker, 1945). Fol race 3 was first discovered in Queensland (Australia) in 
1978 (Grattidge and O’Brien, 1982) and by the 1980s had caused great yield 
losses in the tomato growing area of Bowen (McGrath et al., 1987b). Fol race 3 
was later reported in the USA (Volin and Jones, 1982), Mexico (Valenzuela-Ureta 
et al., 1996) and Brazil (Reis et al., 2005). At present, the use of resistant tomato 
cultivars is the most practical, cost effective and environmentally safe method 
for controlling Fusarium wilt disease (Beckman, 1987).  
 
Two genes for resistance to Fol race 3 have been introgressed from Solanum 
pennellii, one from accession LA716 (Scott and Jones, 1989a) and the other 
from accession PI414773 (McGrath et al., 1987b). Originally, both genes were 
designated I-3, but gene mapping work by (Lim et al., 2006) revealed that the 
two genes were not the same and therefore the gene from S. pennellii PI414773 
was renamed I-7. The research presented in this thesis focuses on the newly 
identified I-7 gene for Fusarium wilt resistance. In this chapter, the literature on 
plant-microbe interactions is reviewed, focusing on what is known about plant 
disease resistance genes and the molecular interaction between tomato and 
Fol in particular. 
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1.1 Plant-microbe interactions. 
 
In nature, plants are surrounded by a wide variety of potential enemies i.e. 
bacteria, viruses, fungi, oomycetes, nematodes and insects. In order to protect 
itself, a plant’s first line of defence involves the plant surface, which provides a 
passive barrier to pathogen entry. Plants also produce secondary metabolites 
that serve as defensive compounds e.g. terpenes, phenolic compounds and 
nitrogen-containing compounds. These are constitutive or pre-formed defences 
as opposed to the inducible nature of the plant immune system (Agrios, 2012).  
 
The plant immune system confers the capacity to recognise and respond to 
specific pathogens (Taiz and Zeiger, 2010). Recent studies have described two 
different strategies that plants use to detect when a pathogen is present, PAMP 
(pathogen-associated molecular pattern)-triggered immunity (PTI) and 
effector-triggered immunity (ETI) (Jones and Dangl, 2006, Chisholm et al., 2006). 
PTI and ETI involve recognition systems that produce similar plant responses, 
although of different speed and magnitude (Dodds and Rathjen, 2010). 
 
1.1.1 PAMP-triggered immunity (PTI) 
 
PTI is generally effective against non-adapted pathogens in a phenomenon 
known as non-host resistance. In PTI, stimulation of receptor proteins by 
recognition of PAMPs (i.e. conserved microbial molecules also known as 
MAMPs) or damage-associated molecular patterns (DAMPs) leads to the 
activation of the PTI signalling pathway (Jones and Dangl, 2006, Chisholm et al., 
2006, Zipfel, 2014, Dodds and Rathjen, 2010). Some of the intracellular responses 
related to PTI include rapid ion fluxes across the plasma membrane, reactive-
oxygen species production, mitogen-activated protein kinase activation, cell 
wall reinforcement and changes in gene expression (Zipfel, 2008, 2014, Boller 
and Felix, 2009). 
 
PAMPs are usually structurally important polymers of simple molecules or 
proteins with functionally-conserved essential functions, and as such are 
indispensable and consequently difficult to mutate or delete (Zipfel, 2008). 
Fungal and bacterial wall polymers e.g. chitin, lipopolysaccharides, β-glucans; 
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and bacterial flagellin are well known PAMPs. DAMPs are plant molecules that 
are released for recognition only after pathogen perception or pathogen-
induced cellular damage (Zipfel, 2014, Macho and Zipfel, 2014). DAMPS include 
the Arabidopsis Pep peptides, that are derived from the pro-peptide PROPEPs 
and whose expression is induced by wounding or PAMP perception (Huffaker et 
al., 2006). Oligogalacturonides, also considered DAMPs, are elicitor-active 
molecules that are released after plant wall degradation by fungal enzymes 
(Brutus et al., 2010). Extracellular ATP, released upon cell rupture during 
pathogen attack or wounding can also act as a DAMP (Choi et al., 2014). 
 
Plants recognise PAMPS and DAMPs by using cell surface receptor proteins 
known as pattern recognition receptors (PRRs). Most plant PRRs are 
transmembrane proteins, and are either receptor-like kinases  (RLKs), which 
possess extracellular leucine-rich repeat (LRR) and intracellular kinase domains, 
or receptor-like proteins (RLPs), which possess an extracellular LRR domain but 
lack any apparent internal signalling domain (Zipfel, 2008). Owing to the 
absence of any obvious signaling domains, RLPs are thought to function in 
conjunction with RLKs to transduce extracellular ligand binding into intracellular 
signalling (Zipfel, 2014). 
 
The recognition of PAMPs and DAMPs by PRRs, not only involves the binding of 
a ligand to the receptor but might also require complex regulatory systems that 
include co-receptors, regulatory proteins and kinase substrates that link PRR 
activation to the induction of defence signalling pathways. Dynamic 
associations of several proteins within PRR complexes have been demostrated 
(Chinchilla et al., 2006, Macho and Zipfel, 2014). Phosphorylation is also involved 
in the initiation of PRR signalling but many of the mechanisms remain unknown 
(Gomez-Gomez et al., 2001, Park et al., 2008). The basis of PRR complex 
formation, PRR activation, and linkage to downstream signalling pathways that 
lead to plant resistance remain poorly understood (Macho and Zipfel, 2014). 
 
Instead of LRRs, the ectodomains of some PRRs can contain lysine motifs, lectin 
motifs, or epidermal growth factor (EGF)-like domains, that are involved in the 
recognition and binding of different molecules. LRRs mostly bind to proteins or 
peptides, like bacterial flagellin (Chinchilla et al., 2006), bacterial EF-Tu (Zipfel et 
al., 2006), or endogenous Pep peptides (Yamaguchi et al., 2006). In the case of 
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the Flagellin-Sensing 2 (FLS2) PRR, a LRR-RLK responsible for flagellin recognition 
in Arabidopsis, the LRRs bind directly to flg22, an epitope present in the N-
terminus of flagellin (Chinchilla et al., 2006). PRRs that contain other domains 
generally recognise carbohydrate-containing molecules including bacterial 
peptidoglycans (Willmann et al., 2011), fungal chitin (Kaku et al., 2006), 
extracellular ATP (Choi et al., 2014) and  oligogalacturonides (Brutus et al., 2010). 
 
Many of the identified LRR-RLK PRRs interact with the LRR-RLK protein BAK1 
(Brassinosteroid insensitive 1-associated kinase 1), a central regulator of plant 
immunity, to initiate PTI. BAK1 is a member of a family of somatic embryogenesis 
receptor kinases (SERKs) and is also known as SERK3 (Zipfel, 2008). BAK1 forms a 
complex with FLS2 almost simultaneously upon flg22 perception, resulting in the 
phosphorylation of both proteins and activation of intracellular signal 
transduction (Schulze et al., 2010). BAK1 is also required for proper signalling by 
BRI1 (Brassinosteroid insensitive 1), the LRR-RLK required for recognition and 
response to brassinosteroid hormones, which control many aspects of plant 
growth and development (Li and Jin, 2007). 
 
PTI is considered one of the first components of active plant defence. 
Successful pathogens evolve strategies to infect host plants by evading PAMP 
recognition or by suppressing the PTI signalling pathway, generally through the 
secretion of virulence effectors. Plants respond to these pathogen effectors 
through recognition by disease resistance proteins and subsequent ETI. 
 
1.1.2 Effector-triggered immunity (ETI) 
 
ETI is a faster and stronger plant defence response than PTI and is active 
against adapted pathogens that have overcome PTI. In ETI, pathogen effectors 
that suppress PTI or manipulate host metabolism (i.e. virulence molecules) are 
recognised by plant receptors which induces strong defence activation 
(Chisholm et al., 2006, Jones and Dangl, 2006). 
 
The induction of plant defences by race-specific effectors (i.e. produced by 
specific subsets of a pathogen species) was reported more than 70 years ago 
when the gene-for-gene hypothesis was first described. This hypothesis states 
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that for every avirulence (Avr) gene in the pathogen there is a corresponding 
resistance (R) gene in the host, and the interaction between the products of 
these genes leads to activation of host defence responses that stop the growth 
of the pathogen (Flor, 1942). Pathogen effectors that are recognised by 
specific plant resistance proteins, function as avirulence (Avr) proteins. 
Therefore, effectors promote pathogenicity when the corresponding resistance 
gene is absent from the host plant but cause avirulence when the 
corresponding resistance gene is present. Gene-for-gene interactions control 
plant resistance to fungal, bacterial, oomycete and viral pathogens, as well as 
to nematodes and some insects (Nimchuk et al., 2001). 
 
ETI often involves a hypersensitive response (HR), a form of localised cell death 
that is typically limited to the infected cell or a few surrounding cells and is 
thought to stop the spread of the pathogen. ETI also induces various defence 
response pathways resulting in the accumulation of salicylic acid, ethylene and 
reactive oxygen species (ROS), an NADPH-oxidase-dependent oxidative burst 
and changes in gene expression (Jones and Dangl, 2006). 
 
Many effectors that are recognised by different plant resistance proteins 
(thereby functioning as Avr proteins) have been identified. These effectors are 
heterogeneous in nature and often have no known homologues. Many plant 
resistance genes have also been identified. At present, most of the plant 
resistance genes identified can be grouped into five classes as described 
below in Section 1.2.  
 
1.2 Plant disease resistance genes. 
 
Resistance proteins are specialised proteins that mediate the recognition of 
effectors and induce disease resistance responses (Takken and Rep, 2010). 
Most plant resistance genes identified are dominant and can be grouped into 
five classes according to the structural characteristics of the proteins they 
encode. Table 1.1 lists some resistant proteins reported in each class. Also a 
schematic representation of the resistance proteins is shown of Figure 1.1.  
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Table 1.1 Classification of plant disease resistance genes. The table shows examples of 
cloned resistance genes representing each of the resistance gene classes. 
 
Class R gene identified 
Pathogen to which R gene 
confers resistance 
Reference 
TIR-NB-LRR RPP5 (Arabidopsis) 
 
 
L6 (flax) 
 
 
N (tobacco) 
 
Gro1-4 (potato) 
 
Downy mildew 
(Peronospora parasitica)  
 
Flax rust  
(Melampsora lini) 
 
Tobacco mosaic virus 
 
Potato cyst nematode 
(Globodera rostochiensis)  
 
Parker et al., 1993  
 
 
Lawrence et al., 2995 
 
 
Whithman et al., 1994 
 
Paal et al., 2004 
 
CC-NB-LRR I-2 (tomato) 
 
 
Mla6 (barley) 
Mla1 (barley) 
 
Prf* (tomato) 
 
 
Rx (potato) 
Fusarium wilt 
(Fol race 2) 
 
Powdery mildew (Blumeria 
graminis f. sp. hordei)  
 
Bacterial speck (Pseudomonas 
syringae pv. tomato) 
 
Potato Virus X 
 
Ori et al., 1997 
Simons et al., 1998 
 
Whithman et al., 1994 
Zhou et al., 2001 
 
Mucyn et al., 2006 
 
 
Gabriels et al., 2007 
 
LRR-RLP Cf-9 (tomato) 
 
 
Ve1** (tomato) 
 
 
HcrVf2 (apple) 
 
Leaf mold 
(Cladosporium fulvum)  
 
Verticillium wilt 
(Verticillum dahliae)  
 
Apple scab 
(Venturia inaequalis)  
 
Jones et al., 1994 
 
 
Kawchuk et al., 2001 
 
 
Vinatzer et al., 2001 
Belfanti et al., 2004 
LRR-RLK  Xa21** (rice) 
Xa26** (rice) 
 
Bacterial blight 
(Xanthomonas oryzae pv. 
oryzae)  
 
Song et al., 1995 
Sun et al., 2004 
SRLK  I-3 (tomato) 
 
 
Pi-d2 (rice) 
Fusarium wilt 
(Fol race 3) 
 
Rice blast 
(Magnaporthe grisea) 
 
Lim et al. 2008 
Catanzariti et al. 2015. 
 
Chen et al., 2006 
Other 
Protein 
kinase 
 
 
Tandem 
protein 
kinase 
 
ABC 
transporter 
 
Other novel 
R protein  
 
Pto (tomato) 
 
 
 
Rpg1 (barley) 
 
 
 
Lr34 (wheat) 
 
 
RPW8 (Arabidopsis) 
 
Bacterial speck 
(Pseudomonas syringae pv. 
tomato) 
 
Stem rust  
(Puccinia graminis f. sp. tritici) 
 
 
Leaf rust  
(Puccinia triticina)  
 
Powdery Mildew  
(Erysiphe spp.) 
 
 
Martin et al., 1993 
 
 
 
Brueggeman et al., 2002 
 
 
 
Krattinger et al., 2009 
 
 
Xiao et al., 2001 
 
* Pto was first identified as the R gene, now Prf is considered the R gene. 
**Ve1, Xa21 and Xa26 are now classified as PRRs. 
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Most plant resistance proteins belong to the NB (nucleotide-binding)-LRR and 
LRR-RLP classes. A much smaller number belong to the LRR-RLK class, S-
receptor-like kinase (SRLK) class or have unique structural characteristics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Schematic representation of plant disease resistance proteins. The figure 
shows the five main classes of plant disease resistance proteins (location and structure). 
The cytosolic NB (nuceotide binding)-LRR (leucine-rich repeat) class with CC (coiled 
coil) or TIR (Toll and Interleukin-1 receptor homology) N-terminal domains, LRR-RLP 
(receptor-like protein) and LRR-RLK (receptor-like kinase) classes with transmembrane 
domains and extracellular LRRs and the LRR-RLK and SRLK classes with cytoplasmic 
serine/threonine kinase domains are represented. 
 
1.2.1 NB-LRR class 
 
The major group of resistance genes encodes NB-LRR proteins, containing a 
conserved nucleotide-binding domain (NB) and a LRR domain with 12-24 LRRs 
(Kobe and Deisenhofer, 1994). NB-LRR proteins are cytoplasmic and function 
only in disease resistance (Meyers et al., 1999, Ellis et al., 2000). This group of R 
proteins can be divided into two sub-classes according to their N-terminal 
domains, TIR-NB-LRR (Toll/interleukin-1-receptor cytosolic domain homology-NB-
LRR LRR 
S-domain 
kinase 
LRR 
LRR 
NB 
NB 
TIR 
CC 
TIR-NB-LRR 
CC-NB-LRR 
LRR-RLK 
LRR-RLP 
SRLK 
plant cell plasma membrane 
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LRR or TNL proteins) and CC-NB-LRR (coiled-coiled-NB-LRR or CNL proteins). The 
tomato I-2 gene conferring resistance to Fol race 2 is an example of a 
resistance gene belonging to the CC-NB-LRR class. 
 
The N-terminal domain influences the requirement for downstream signalling 
components (Feys and Parker, 2000). As a example, the TIR domain of L6 from 
flax was shown to be essential and sufficient for L6 immune signalling that leads 
to resistance to flax rust. The L6 TIR domain has been shown to self-associate, a 
process that might be a requirement for immune signalling (Bernoux et al., 2011). 
On the other hand, the CC domain has being reported to have a role in 
binding proteins. This is the case in the CC-NB-LRR RPS2, for resistance to 
Pseudomonas syringae pv. tomato 2, that is activated by the AvrRpt2 cysteine 
protease type III effector from P. syringae by cleavage of RIN4, a negative 
regulator of RPS2 (Mackey et al., 2003).  
 
The C-terminal LRR domain is predicted to mediate protein-protein interaction 
i.e effector recognition and intra-molecular interactions maintaining the NB-LRR 
protein in an inactive state in the absence of the effector. Functional analysis of 
recombinant L proteins indicated that recognitional specificity resides in the LRR 
region. A study involving domain-swap experiments between L5 and L6 showed 
that polymorphisms in the first seven and last four LRR units of the alleles 
contribute to recognition specificity of L5 and L6, respectively (Ravensdale et 
al., 2012). Likewise, L6 and L11 have identical TIR and NB domains and only 
differ by only 32 amino acids in the LRR domain. A study showed that 
polymorphisms in the last three LRRs between L6 and L11 are important for L6 
recognition of AvrL567. In this study, the L6L11RV chimera, which differs from L6 
by only 11 polymorphisms contained in the 24, 25 and 25 LRRs, recognizes only 
an AvrL567 variant. Also, the L6L11B2 chimera, with two additional 
polymorphisms in LRR 23, did not interact with any AvrL567 variant (Ellis et al., 
2007). Nevertheless, studies have shown that the LRR domain may also 
contribute to signalling as well as recognition. For example, the rps5-1 mutant, 
which carried a mutation in the third LRR of the RPS5 gene for resistance to P. 
syringae pv. tomato, not only affected RPS5-mediated resistance but also 
affected resistance conferred by several other R genes, suggesting possible 
interference with resistance protein activation or downstream signalling 
(Warren et al., 1998). Furthermore, intramolecular interactions have been shown 
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to occur between the LRR and other domains of the potato CC–NB–LRR protein 
Rx, which confers resistance to potato virus X (PVX) based on recognition of the 
PVX coat protein (CP) (Moffett et al., 2002). Co-immunopreciptation 
experiments were used to show that the LRR interacts with the CC–NB region 
when co-expressed in tobacco as separate proteins in the absence of CP, and 
to trigger necrosis, but they no longer interact when co-expressed together with 
CP. The authors proposed that CP recognition initiates a sequence of 
conformational changes in Rx that involve disruption of intramolecular 
interactions and results in the activation of the Rx protein and initiation of 
signalling that leads to disease resistance. 
 
The NB domain is thought to regulate R protein activation. Studies with the 
tomato I-2 resistance protein have shown that the activation of I-2 is controlled 
by the nucleotide bound to the NB domain; ADP in the resting state and ATP in 
the activated state (Tameling et al., 2006). The model for I-2 activtion proposes 
that the LRR domain binds to the NB domain and inhibits activation in the 
absence of Avr2 (reviewed in Takken and Rep, 2010). When Avr2 is recognised, 
the model proposes that the interaction between NB and LRR domains is 
disrupted producing a conformational change of the I-2 protein that allows ATP 
binding and activation of defence signalling.  
 
1.2.2 LRR-RLP class 
 
The second largest group of resistance genes encode LRR-RLPs containing an 
extracellular LRR domain, a transmembrane domain and a small cytoplasmatic 
tail with no obvious signalling function. The extracellular LRR domain of LRR-RLPs 
perceive extracellular effector proteins (Avr proteins). As an example, the Cf 
genes of tomato encode LRR-RLPs conferring resistance to specific races of the 
fungal pathogen Cladosporium fulvum (causing leaf mold disease). Cf-2, Cf-4, 
Cf-5 and Cf-9 respond specifically to the extracellular effectors Avr2, Avr4, Avr5 
and Avr9, respectively, which are secreted by the fungus (reviewed in 
Stergiopoulos and de Wit, 2009). 
 
Several studies have focused on understanding Cf recognitional specificity and 
activation of Cf-mediated defense responses. As an outcome of these studies, 
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it is now known that Cf protein activation causes a rapid accumulation of 
reactive oxygen species, changes in cellular ion fluxes, activation of protein 
kinase cascades, changes in gene expression and, possibly, targeted protein 
degradation (reviewed in Rivas and Thomas, 2005). Even though direct 
interaction of Cf-Avr proteins has not been demonstrated and the molecular 
mechanism of Avr recognition still needs to be elucidated, in most cases 
domain swaps and gene shuffling studies on Cf proteins have demonstrated 
that specific LRRs and specific amino acid residues within those LRRs determine 
recognitional specificity in Cf proteins (Van der Hoorn et al., 2001; Wulff et al., 
2001; Seear and Dixon, 2003; Wulff et al.,2009; Chakrabarti et al., 2009). On the 
other hand, indirect interaction between Cf-2 and Avr2 has been 
demonstrated to occur via Rcr3. Studies have shown that Avr2 binds and 
inhibits Rcr3, an extracellular tomato cysteine protease (Rooney et al., 2005). 
Recognition of the Rcr3-Avr2 complex enables the Cf-2 protein to activate a 
hypersensitive response. 
 
As mentioned in Section 1.1.1, some plant LRR-RLPs funtion as PRRs. Examples of 
this class of PRRs in tomato include the LRR-RLPs Eix1 and Eix2, which respond to 
Eix (fungal Ethylene-inducing xylanase) in tocacco and tomato (Ron and Avni, 
2004). In addition, Ve1 (resistance to Verticillum dahliae) from tomato, 
previously considered a resistance protein (Kawchuk et al., 2001), has recently 
being reported to have some of the properties of a PRR (de Jonge et al., 2012). 
These include, a relatively weak resistance response, presence of Ve1 
homologues in taxonomically diverse plant species like grape, castor bean and 
tomato, and recognition of an effector, Ave1, from multiple fungal and 
bacterial pathogens including Fol, Colletotrichum higginsianum, Cercospora 
beticola and Xanthomonas axonopodis pv. citri. 
 
1.2.3 LRR-RLK (receptor-like kinase) class 
 
Genes that encode LRR-RLKs have an extracellular LRR domain, a 
transmembrane domain and a cytoplasmic protein kinase domain. Their 
protein structure suggests a role in cell surface recognition of a pathogen 
effector and subsequent activation of an intracellular defence response (Song 
et al., 1995). Genes belonging to this class include the rice Xa21 and Xa26 (or 
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Xa3) which confer resistance to the bacterial pathogen Xanthomonas oryzae 
pv. Oryzae (Song et al., 1995, Sun et al., 2004, Xiang et al., 2006). Xa21 and Xa26 
carry a non-RD (arginine-aspartic acid) motif. The non-RD motif is a 
characteristic of kinases associated with early immune signalling events 
(Dardick and Ronald, 2006). Non-RD kinases usually carry a cysteine or glycine 
immediately preceding the catalytic aspartate (RD kinases carry a conserved 
arginine; reviewed in Chen and Ronald, 2011).  
 
Xa21 and Xa26 encode LRR-RLKs with different resistance spectra to diverse 
strains of X. oryzae pv. oryzae; the resistance activity of Xa21 is developmentally 
controlled (its resistance increases progressively from being susceptible at the 
juvenile stage to fully resistant at the adult stage), while the resistance activity 
of Xa26 is not (Chen et al., 2002). These differences may be due to structural 
differences. These proteins have 53% sequence similarity, Xa21 possess 23 LRRs 
and Xa26 26 LRRs, and they vary in their LRR solvent-exposed amino acids, with 
87% of these residues being different (Sun et al., 2004). Unlike Xa26, Xa21 has 
been extensively studied. Because of the structural similarity between Xa21 and 
Xa26, it is believed that Xa26 responses are transduced through the same 
components that transduce the Xa21-mediated response.  
 
Xa21 recognises Ax21 (previously called AvrAx21), a small protein that is 
conserved not only in all Xanthomonas species, but also in Xylella fastidiosa, the 
causal agent of Pierce’s disease on grapes, and in Stenotrophomonas 
maltophilia, a human pathogen. Because Ax21 is now consider a PAMP, Xa21 
has recently been included among the plant PRRs (Lee et al., 2009). The 
effector recognised by Xa26 has not yet been identified.  
 
1.2.4 S-receptor-like kinase (SRLK) class  
 
Genes encoding membrane-spanning SRLKs have been reported to have 
diverse roles in plant growth and development, and plant defence. SRLKs are 
best known for their involvment in self-incompatibility in flowering plants 
(Kusaba et al., 2001, Sherman-Broyles et al., 2007). Lectin receptor kinases are 
believed to participate in biotic stress tolerance because of the resemblance 
between their extracellular domains and lectin proteins known to bind to fungal 
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and bacterial cell wall components (Bouwmeester and Govers, 2009, Singh and 
Zimmerli, 2013) (Singh and Zimmerli, 2013). Recently, SRLKs have been reported 
to be involved in resistance to plant pathogens.  
 
The rice Pi-d2 gene for resistance to Magnaporthe grisea encodes an SRLK 
protein that contains a predicted extracellular bulb-type mannose-specific 
binding lectin (β-lectin) domain (Chen et al., 2006). The predicted Pi-d2 protein 
contains a N-terminal signal peptide domain followed by an extracellular 
domain with β-lectin and weak PAN sub-domains, a transmembrane domain 
and a cytosolic kinase domain (Chen et al., 2006). β-lectin domains are often 
associated with protein–mannose interactions or ligand binding (Wasano et al., 
2003). PAN domains are predicted to bind proteins or carbohydrates (Tordai et 
al., 1999).  
 
The tomato I-3 gene for resistance to Fol race 3 also encodes an SRLK 
(Catanzariti et al., 2015). I-3 recognises the Fol Avr3 effector protein (Rep et al., 
2004). Recognition of Avr3 is hypothesised to be extracellular given that I-3 is a 
membrane-bound receptor (Catanzariti et al., 2015).  
 
1.2.5 Other resistance genes 
 
A few plant resistance genes have been identified that don’t belong to the 
classes mentioned above, and thus fall into the category of ‘other resistance 
genes’.  
 
The tomato Pto gene for bacterial speck resistance encodes a cytoplasmic 
serine/threonine protein kinase that serves both a catalytic function and as a 
receptor that binds AvrPto and AvrPtoB from Pseudomonas syringae pv. 
tomato. Pto-mediated resistance requires autophosphorylation of Pto and the 
presence of Prf, a CC-NB-LRR gene (Ellis et al., 2000, Martin et al., 2003). Pto and 
Prf form a protein complex in which Prf contributes to defence activation in 
response to changes deteced in Pto triggered by a Pto-AvrPto interaction 
(Mucyn et al., 2006). A new model has therefore emerged whereby Prf is 
recognised as the resistance protein that triggers disease resistance following 
direct interaction between Pto and AvrPto. 
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The barley Rpg1 gene for resistance to stem rust (Puccinia graminis f. sp. tritici) 
encodes a receptor kinase-like protein with two tandem protein kinase 
domains (Brueggeman et al., 2002). Because Rpg1 does not contain a 
predicted transmembrane domain or known receptor sequence, it has been 
suggested that Rpg1 may function in a similar way to Pto (Brueggeman et al., 
2002).  
 
Lr34 is a race-non-specific wheat resistance gene to leaf rust caused by 
Puccinia triticina (Dyck et al., 1966). Lr34 also exhibits enhanced resistance to 
wheat stripe rust (P. striiformis f. sp. tritici), stem rust and powdery mildew 
(Blumeria graminis f. sp. tritici) in adult plants (Singh, 1992, Spielmeyer et al., 
2005). Lr34 encodes a protein with homology to an adenosine triphosphate 
(ATP)-binding cassette (ABC) transporter, a hexose carrier, of the pleiotropic 
drug resistance subfamily. The basic structure of the pleiotropic drug resistance 
transporters consists of two cytosolic nucleotide-binding domains and two 
hydrophobic transmembrane domains. It has been suggested that Lr34-
mediated resistance may be the result of senescence-like processes or the 
translocation of toxic compounds that affect fungal growth (Krattinger et al., 
2009). 
  
RPW8.1 and RPW8.2 (for Resistance to Powdery Mildew 8) encode two related 
proteins that confer broad-spectrum resistance to powdery mildew (Erysiphe 
spp.) (Xiao et al., 2001). RPW8.1 and RPW8.2 possess a putative N-terminal 
transmembrane domain and a coiled-coil domain. It has been suggested that 
RPW8.1 and RPW8.2 stimulate a conserved basal defence pathway that is 
negatively regulated by EDR1, a gene encoding a conserved MAPKK kinase 
(Xiao et al., 2005). 
 
1.3 Recognition of pathogen effectors by resistance proteins. 
 
Plant resistance proteins recognise pathogen effectors either directly or 
indirectly. Direct recognition by physical association between receptor and 
effector proteins appears to be characterised by high levels of polymorphism in 
both R alleles in the host plant and Avr alleles in the pathogen, which often 
show evidence of strong diversifying selection (reviewed in Dodds and Rathjen, 
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2010). There are several examples of R proteins that interact directly with their 
corresponding effectors. These include the CC-NB-LRR protein Pi-ta from rice 
which interacts with the Magnaporthe grisea effector AvrPita (Jia et al., 2000), 
and the TIR-NB-LRR proteins L6 and M from flax which bind directly to the 
AvrL567 and AvrM Melampsora lini effectors, respectively (Dodds et al., 2004, 
Catanzariti et al., 2006, 2010).  
 
Indirect recognition of pathogen effectors occurs through the R protein forming 
a complex with an accessory protein. Three conceptual models for disease 
resistance involving indirect recognition have been proposed based on a 
limited number of specific examples i.e. the guard model (Dangl and Jones, 
2001); the decoy model (van der Hoorn and Kamoun, 2008), and the bait-and-
switch model (Collier and Moffett, 2009). 
 
The guard model postulates that plant resistance proteins act by monitoring 
(guarding) the target of their corresponding pathogen effector (Dangl and 
Jones, 2001). For example, the A. thaliana RIN4 protein (for RPM1 interacting 
protein 4) forms a complex with the NB-LRR proteins RPM1 (for resistance to P. 
syringae pv. maculicola 1) and RPS2 (for resistance to P. syringae pv. tomato 2). 
The P. syringae effectors AvrB, AvrRPM1 and AvrRpt2 target and modify RIN4 
using different molecular strategies. AvrRpt2 is a cysteine protease that cleaves 
RIN4 thereby targeting it for  degradation and de-repressesing RPS2; while, AvrB 
and AvrRpm1 trigger the phosphorylation of RIN4 thereby activating RPM1 
(Mackey et al., 2002, 2003, Axtell and Staskawicz, 2003).  
 
The decoy model is based on the idea that guarded effector targets are 
subject to opposing selection forces, firstly, to evade manipulation by effectors, 
and secondly, to improve perception of effectors, depending on the absence 
or presence of the R gene. This idea was proposed because guarded effector 
targets are postulated to be evolutionarily unstable in plant populations 
polymorphic for R genes. But in the decoy model the duplication of a 
pathogenicity target gene, or independent evolution of a target mimic, allows 
one gene to evolve to evade pathogen effector manipulation while the other 
gene no longer serves its original function but specialises in perception of the 
effector (van der Hoorn and Kamoun, 2008). The Pto kinase protein from 
tomato, which forms a complex with the NB-LRR protein Prf, has been 
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presented as an example of a decoy. Pto is postulated to provide Prf with 
recognition capability because the Pto kinase is closely related to the kinase 
domains of FLS2 and CERK1, which are targets of AvrPto and AvrPtoB (Salmeron 
et al., 1996, Mucyn et al., 2006, Gimenez-Ibanez et al., 2009, Dodds and Rathjen, 
2010). 
 
The bait-and-switch model proposes a two-step recognition process involving 
interactions with both cellular cofactors (baits) and the LRR domain, which in 
turn activates the molecular switch leading to disease resistance (Collier and 
Moffett, 2009). Rx activation has been proposed as an example of this model. 
Rx function requires physical interaction between the LRR and ARC domains. 
The ARC (Apaf-1, R protein and CED-4 homology) domain is located within the 
NB domain close to the junction with the LRR domain. The interaction between 
these domains is not only required for the formation of a functional nucleotide 
binding pocket but also as a prerequisite for interaction between the CC 
domain and the rest of the Rx protein. Furthermore, both interactions are 
required for the NB-LRR protein to fold into a signalling-competent state that 
once established auto-inhibits the protein until some stimulus induces it to adopt 
its active form . When a stimulus or effector interacts with the associated protein, 
the NB-LRR protein switches to its active form and triggers defence signalling 
(Rairdan and Moffett, 2006, Collier and Moffett, 2009).  
 
1.4 Activation of defense signalling pathways by resistance proteins. 
 
The identification and understanding of signalling components and pathways 
that act immediately downstream of PRR/R protein activation is one of the 
goals of many studies in plant defence. Several proteins have been reported as 
components of downstream signalling pathways required for disease resistance 
following NB-LRR protein activation, including EDS1 (Enhanced Disease 
Susceptibility1), PAD4 (Phytoalexin Deficient 4), and NDR1 (non-race-specific 
disease resistance 1). EDS1 and PAD4 are generally necessary for resistance 
conferred by TIR-NB-LRR proteins (Feys et al., 2001, Martin et al., 2003). EDS1 has 
also been reported to be involved in resistance conferred by several LRR-RLPs 
including Ve1 (Hu et al., 2005, Fradin et al., 2009) and Cf-4 and Cf-9 (Gabriels et 
al., 2007). Co-immunoprecipitation experiments showed that EDS1 and PAD4 
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interact in healthy and pathogen-challenged plant cells (Feys et al., 2001). This 
physical association is therefore thought to contribute to their activities in 
disease resistance. The same study also showed that  EDS1 and PAD4 positively 
regulate salicylic acid accumulation and that EDS1 is required for generation of 
the plant HR. They propose that EDS1 is required early in plant defence, 
independently of PAD4, and that EDS1 recruits PAD4 in the amplification of 
defences, possibly by a direct EDS1–PAD4 association (Feys et al., 2001). On the 
other hand, NDR1 plays a role in the resistance conferred by CC-NB-LRR 
proteins (Century et al., 1995, Aarts et al., 1998, Shapiro and Zhang, 2001) and 
the PRR Ve1 (Fradin et al., 2009).  
 
NRC1 (NB-LRR protein required for HR-associated cell death 1) is required for the 
HR and/or R-mediated resistance induced by CC-NB-LRR resistance proteins 
such as Mi-1 and Rx (Gabriels et al., 2007). NRC1 has also been reported to be 
required for the HR induced by LRR-RLPs including Ve1 (Fradin et al., 2009), Cf-9 
and Cf-4 (Gabriels et al., 2007).  
 
Additional proteins have also been reported as components of downstream 
signalling pathways required for disease resistance following LRR-RLP protein 
activation. Many of these have been identified from studies on Cf protein 
function. The Cf-9–interacting thioredoxin (CITRX) interacts physically with the C-
terminal cytoplasmic tail of Cf-9 and acts as a negative regulator of Cf-9-
dependent defence activation (Rivas et al., 2004, Rivas and Thomas, 2005). 
Furthermore, the serine/threonine protein kinase ACIK1 (Avr9/Cf-9 induced 
kinase 1) was also found to be required for Cf-9 and Cf-4–mediated resistance 
(Rowland et al., 2005). It has been proposed that ACIK1 could be part of a 
receptor-like kinase complex, where ACIK1 might provide the cytoplasmic 
kinase for signalling, while the extracellular LRR of the Cf proteins provide Avr 
recognition. Alternatively, ACIK1 could act by phosphorylating negative 
regulators of the defence signalling pathway like CITRX (Rowland et al., 2005). 
In support of the latter, CITRIX has been shown to mediate a physical 
association between the cytoplasmic domain of Cf-9 and ACIK1, leading to 
the suggestion that CITRX may act as an adaptor recruiting the ACIK1 kinase to 
the cytoplasmic domain of Cf-9. Interestingly, the catalytic activities of CITRX 
and ACIK1 are not required for this interaction, and the catalytic activity of 
CITRX is dispensable for the attenuation of the Cf-9 defence response 
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(Nekrasov et al., 2006). In addition, VAP27 (for Vesicle-Associated Protein 27), 
which has a putative role in membrane trafficking, has been identified by yeast 
two-hybrid analysis as a protein that interacts with Cf-9 (Laurent et al., 2000). A 
possible role in Cf-9-dependent resistance has been proposed for VAP27 based 
on comparative molecular modeling studies but requires experimental 
verification (Laurent et al., 2000).  
 
SERK1 (somatic embryogenesis receptor-like protein kinase) is required for Cf-4-
mediated resistance of tomato (Fradin et al., 2011) and also for Ve1 (Fradin et 
al., 2009). A recent study has also shown that the RLK SOBIR1 (Suppressor of 
BIR1- 1/Evershed) functions as an essential regulator of various LRR-RLPs with 
roles in tomato immunity and development, including Cf-2, Cf-4, Ve1, CLV2 
(Clavata 2 involved in apical meristem maintenance), TMM (Too Many Mouths 
which regulates stomatal patterning); and that the interaction between SOBIR1 
and RLPs was ligand-independent (Liebrand et al., 2012, Fradin et al., 2014). 
SOBIR1 might function as a scaffold protein stabilising receptor complexes in 
which RLPs take part, or it may function as an element of the signalling 
pathway triggered by RLPs (Liebrand et al., 2012). BAK1/SERK3 was also found 
to be required for Ve1 signalling (Fradin et al., 2009). 
 
Several proteins have been identified as key components operating 
downstream of the LRR-RLK Xa21 in rice. Xa21 resistance is negatively regulated 
by MAPK5 (mitogen-activated protein kinase 5), XB15 (Xa21 binding protein 15), 
and the transcription factors OsWRKY62 and OsWRKY76. On the other hand, 
Xa21 resistance is positively regulated by MAPK12 (mitogen-activated protein 
kinase 12) (Chen and Ronald, 2011). Moreover, the RD receptor kinase OsSERK2 
(rice SERK protein Os04g38480) is also required for Xa21- and Xa26-mediated 
immunity. OsSERK2 may directly interact with and phosphorylate Xa21 and 
Xa26 (Chen et al., 2014). Recent studies have also revealed that Xa21 is 
cleaved to release the kinase domain, which carries a functional nuclear 
localisation signal, and that the nuclear localisation of the kinase domain is 
required for the Xa21-mediated immune response (Park and Ronald, 2012). 
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1.5 Vascular wilt disease in tomato 
 
Fusarium is not only a widely recognised and well-characterised fungus, but is 
also one of the most economically important because it causes a wide range 
of plant diseases. Fusarium oxysporum resides as a saprophytic fungus in the soil 
and exists worldwide in both non-pathogenic and pathogenic forms. 
Pathogenic strains of F. oxysporum are capable of entering and infecting living 
plant tissue and causing disease (Beckman, 1987). Pathogenic strains are 
grouped into special forms or formae speciales based on their host range. 
Furthermore, the various formae speciales are subdivided into races based on 
their interactions with host plants carrying different resistance genes (Armstrong, 
1981). There are two formae speciales that infect tomato, Fol which causes 
vascular wilt and F. oxysporum f. sp. radicis-lycopersici (Forl) which causes 
Fusarium crown and root rot (Armstrong, 1981). 
 
Vascular wilt disease development involves root recognition by Fol followed by 
root surface attachment, penetration of the root cortex and hyphal 
proliferation within xylem vessels. Finally, Fol invades and colonises the 
parenchymatous tissue and starts sporulating on the plant surface (Michielse 
and Rep, 2009). This disease is characterised by yellowing, wilting and browning 
of the leaves, followed by stunted growth and eventually death of the plant 
(Figure 1.2). These symptoms are a consequence of the obstruction of water 
and nutrient flow due to blockage caused by hyphae within the xylem vessels, 
as well as the production of tyloses, callose, gums and gels by the host plant. In 
vascular wilt disease, crop yield is minimal or totally absent in infected plants 
(Beckman, 1987).  
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Figure 1.2 Fusarium wilt in tomato. Vascular wilt disease development involves root 
recognition attachment and penetration followed by, colonisation and proliferation of 
hyphae within the xylem vessels. Fungal hyphae within the xylem vessels and the 
production of obstructive polymers as a tomato defence response causes blockage of 
the vessels that results in wilting, stunted growth and death of the plant, allowing the 
fungus to colonise the entire plant and sporulate. 
 
 
1.6 Race/cultivar-specificity in the  interaction between tomato and Fol  
 
The interaction between tomato and Fol is race/cultivar-specific. Race-specific 
resistance is controlled by the gene-for-gene hypothesis first described by Flor 
(Flor, 1942). Races 1, 2 and 3 of Fol are determined by their interaction with host 
plants carrying different resistance genes. These resistance genes, called I (for 
Immunity) genes, were identified in wild relatives of tomato (Section 1.6.2) and 
introgressed into the cultivated tomato Solanum lycopersicum. Individual strains 
of Fol have the ability to overcome specific I genes, consistent with loss or 
mutation of the specific avirulence (Avr) genes they recognise (Takken and 
Rep, 2010). 
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1.6.1 Effector/Avr proteins of Fol. 
 
Effector proteins produced by plant pathogens promote host colonisation and 
contribute to pathogen virulence. They are generally small (usually < 25 kDa) 
and are secreted during colonisation of the host plant. A number of 
extracellular effectors are N- and sometimes C-terminally processed by plant 
and/or fungal proteases and contain multiple cysteine residues consistent with 
the formation of disulphide bridges (Stergiopoulos and de Wit, 2009). Fol 
effectors are extracellular proteins secreted into the apoplast or xylem of 
infected tomato plants (Takken and Rep, 2010). Most of them are small and 
cysteine-rich (Table 1.2), and several are thought to be N- and/or C-terminally 
processed (Rep et al., 2004, Houterman et al., 2007). 
Fourteen candidate effector proteins also known as Six (secreted in xylem) 
proteins have been identified in Fol (Table 1.2) (Takken and Rep, 2010, Schmidt 
et al., 2013). Five of these are confirmed effectors (i.e. playing a role in Fol  
pathogenicity): Avr1 (Six4), Avr2 (Six3) and Avr3 (Six1) recognised by the I, I-2 
and I-3 resistance proteins, respectively (Houterman et al., 2008), Six5 required 
for I-2/Avr2-mediated resistance (Ma, 2012), and Six6 (Gawehns et al., 2014). 
While Avr2, Avr3 and Six6 are essential for Fol pathogenicity in tomato, Avr1 is 
not required for general virulence (Takken and Rep, 2010). Instead, Avr1 has 
been shown to function as a meta-effector, able to suppress the detection of 
Avr2 and Avr3 by tomato plants carrying I-2 and I-3, respectively (Houterman et 
al., 2008). Six5 has been found to be required together with Avr2 for I-2-
mediated resistance (Ma, 2012). This finding is a very interesting case of an 
effector pair that is involved in ETI mediated by a single R protein. The work on 
Six5 resulted in a tentative model suggesting that Avr2 undergoes N-terminal 
processing after secretion and forms homodimers that interact with Six5. Avr2-
Six5 interaction results in the formation of a temporary complex that enables 
entry into plant cells, and triggers I-2-dependent resistance (Ma, 2012).  
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Table 1.2 Putative effector proteins reported in Fol 
 
Encoded 
protein 
Effector/Avr protein 
Fol Chr1 
location 
Amino 
acids2 
Cysteines  Reference 
Six1 
Confirmed avirulene protein Avr3. 
Recognised by I-3. 
14 284 8 
Rep et al., 
2004 
Six2 Putative effector. 14 212 8 
van der 
Does et al., 
2008b 
Six3 
Confirmed avirulence protein Avr2. 
Recognised by I-2. 
14 144 2 
Houterman 
et al., 2009 
Six4 
Confirmed avirulence protein Avr1. 
Recognised by I. 
unknown   
Rep et al., 
2004 
Six5 
Confirmed effector protein. 
Required for I-2-mediated resistance 
together with Avr2. 
14 102 6 Ma, 2012 
Six6 Confirmed effector protein. 14 195 7 
Gawehns 
et al, 2014 
Six7 
Putative effector. Located on 
chromosome near Six10 and Six12. 
14 201 3 
Houterman 
et al., 2007 
Six8 
Putative effector. Nine copies in the Fol 
race 2 (4287) genome including two 
copies on chromosome 14 and one 
copy each in sub-telomeric regions on 
chromosomes 2, 3 and 7. Absent from 
the Fol race 3 (MN25) genome. 
2, 3, 7,14, 141 2 
Schmidt et 
al., 2013 
Six8b 
Putative effector. Four copies in the Fol 
race 2 (4287) genome including two 
copies on chromosome 3 and two 
copies on chromosome 6. Only  one 
copy in the Fol race 3 (MN25) genome. 
3, 6 141 2 
Schmidt et 
al., 2013 
Six9 Putative effector. 14 114 6 
Schmidt et 
al., 2013 
Six10 Putative effector. 14 149 2 
Schmidt et 
al., 2013 
Six11 Putative effector. 14 110 7 
Schmidt et 
al., 2013 
Six12 Putative effector. 14 127 10 
Schmidt et 
al., 2013 
Six13 
Putative effector. 
Two copies in the Fol genome. 
6 293 12 
Schmidt et 
al., 2013 
Six14 Putative effector. 14 88 6 
Schmidt et 
al., 2013 
 
 1 Chr = Chromosomal location 
 2 Size without predicted signal peptide 
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Analysis of the genome sequence of Fol race 2 revealed that there are four Fol-
lineage-specific chromosomes and three Fol-lineage-specific sub-telomeric 
regions that are rich in transposons and genes related to pathogenicity, i.e. 
encoding effector proteins, necrosis- and ethylene-inducing peptides and, 
secreted enzymes predicted to degrade or modify plant or fungal cell walls 
(Ma et al., 2010, Schmidt et al., 2013). Most of the Six genes are carried on 
chromosome 14, one of the lineage-specific chromosomes which is also a 
pathogenicity chromosome that can be transferred horizontally between 
strains of Fusarium oxysporum. Experiments demostrating horizontal transfer of 
chromosome 14 and a concomitant transfer of pathogenicity on tomato were 
done by co-incubation of a pathogenic donor strain (Fol007) and a non-
pathogenic recipient (Fo-47). The donor strain was marked with a BLE gene 
(conferring zeocin resistance) inserted close to the SIX1 gene on chromosome 
14 to enable selection of recipients carrying the transferred chromosome. Whilst 
the recipient strain was marked with a hygromycin resistance gene to enable 
selection for the recipient and against the donor. Double antibiotic-resistant 
progeny were shown to have the genetic background of the recipient strain 
and to have received chromosome 14 and the ability to infect tomato (Ma et 
al., 2010). 
 
1.6.2 Tomato genes for resistance to Fol 
 
I (Immunity) gene-mediated recognition of Fol induces a defence response in 
xylem contact cells (parenchymal cells adjacent to vessel elements) that 
involves callose deposition, the accumulation of phenolics and the formation of 
tyloses and gels in the infected vessels (reviewed in Takken and Rep, 2010). 
Several I genes have been reported in tomato (Table 1.3). 
 
 
The I gene was identified in the wild tomato Solanum pimpinellifolium accession 
160 (PI79532) and confers resistance against Fol race 1 (Bohn, 1939). It is 
located on chromosome 11 (Paddock, 1950a) between the markers CT168 and 
TG523 (Sela-Buurlage et al., 2001). 
Table 1.3 The interaction between tomato and Fol is race cultivar-specific. Fol races and tomato resistance genes described to date. 
 
Fol 
races 
Resistance gene in 
Tomato 
Origin 
Chromosomal 
location 
References 
Fol  
race 1 
I 
S. pimpinellifolium 160 
(PI79532)  
11 
Bohn and Tucker (1939) 
Paddock (1950) 
Fol  
race 2  
I-2  
(CC-NB-LRR) 
 
S. lycopersicum PI126915 × 
 S. pimpinellifolium hybrid  
11 
Alexander and Tucker (1945) 
Stall and Walter (1965) 
Laterrot (1976), Sarfatti et al. (1989) 
Ori et al. (1997), Simons et al. (1998) 
I-4 S. lycopersicum  2 Sela-Buurlage et al. (2001)  
I-5 S. pennellii  LA716  
2 
 
Sela-Buurlage et al. (2001)  
 
I-6 S. pennellii  LA716  10 Sela-Buurlage et al. (2001)  
Fol  
race 3 
 
I-3 
(SRLK) 
S.  pennellii  LA716 7 
Grattidge and O’Brien (1982) 
McGrath et al. (1987) 
Scott and Jones (1989) 
Bournival et al. (1989) 
Lim et al (2006); Lim et al., (2008) 
Catanzariti et al., (2015) 
I-7 S.  pennellii PI 414773 Unknown 
McGrath et al. (1987) 
Scott and Jones (1989), Lim et al (2006) 
 
Tfw S.  pennellii LA716 8 Bournival et al. (1989) (1990)  
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The I-2 gene was identified in a S. lycopersicum × S. pimpinellifolium hybrid 
(accession PI126915) (Stall and Walter, 1965) and confers resistance to Fol race 
2. I-2 is also located on chromosome 11 (Laterrot, 1976) and lies within a cluster 
of seven homologous genes spanning a region of approximately 90 kb (Ori et 
al., 1997) (Simons et al., 1998). I-2 encodes a CC-NB-LRR protein that is mainly 
expressed in cell sorrounding xylem vessels of roots, in stems and in leaves (Mes 
et al., 2000). 
 
The I-4, I-5 and I-6 genes, described by Sela-Buurlage et al. (2001), also confer 
resistance to Fol race 2. While I-4 originates from S. lycopersicum, I-5 and I-6 
originate from the S. pennellii accession LA716. The I-4 locus is located on 
chromosome 2 between markers CT75 and TG91. I-5 is also located 
chromosome 2, between markers TG554 and TG493. The I-6 locus is located on 
chromosome 10 between markers TG1a and TG63. 
 
The I-3 gene conferring resistance to Fol race 3 was identified in S. pennellii 
accession LA716 (Scott and Jones, 1989a). I-3 is located on chromosome 7 
closely linked (about 2.5 cM) to the Got-2 isozyme locus (Bournival et al., 1989). 
Recent mapping work showed I-3 to be positioned within a 0.38 cM interval 50-
60 kb in length between markers RGA332 and bP23/gPT (Lim et al., 2008). I-3 
encodes an SRLK protein (Lim et al., 2008, Catanzariti et al., 2015) 
 
The I-7 gene, originally also named I-3, was identified in S. pennellii accession 
PI414773 (McGrath et al., 1987b) and incorporated into the tomato cultivar 
Tristar. The chromosomal location of I-7 was not known before the work 
described in this thesis was commenced. 
 
The Tfw gene, conferring limited resistance to Fol races 1, 2 and 3 was identified 
in S. pennellii accession LA716. Tfw is located on chromosome 8 near the 
isozyme marker Aps-2 (acid phosphatase-2) (Bournival et al., 1989, 1990).  
 
1.7 Fusarium oxysporum f. sp. lycopersici race 3 
 
Fol race 3 first appeared in Queensland in 1978 (Grattidge, 1982) and by the 
1980s had caused great yield losses in the tomato growing area of Bowen 
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(McGrath et al., 1987b) because it was virulent on the cultivars being used at 
the time, which only had the I or I-2 resistance genes. Two genes for resistance 
to Fol race 3 were introgressed into tomato cultivars from S. pennellii accessions 
LA716 (Scott and Jones, 1989b) and PI414773 (McGrath et al., 1987b). Originally, 
both genes were designated I-3, but subsequent gene mapping work revealed 
that the two genes were not the same and the gene from S. pennellii accession 
PI414773 was renamed I-7 (Lim et al., 2006). The I-3 protein confers resistance 
through recognition of the Avr3 effector produced by Fol race 3 (Rep et al., 
2004), but upon commencement of this work it was not known whether I-7 also 
recognises Avr3. 
 
Fol race 3 has been tagged previously with Green Fluorescent Protein (GFP) 
using a gene replacement cassette (van der Does et al., 2008a). In this case, 
GFP was inserted between the Avr3 promoter and terminator in the Fol genome 
by homologous recombination. Expression of GFP by the Avr3 promoter 
revealed that the Avr3 gene is expressed immediately upon penetration of the 
root cortex and it is expressed only when the fungus is inside the plant (van der 
Does et al., 2008a). This provides a huge technical advantage for Fol 
visualisation in planta because it enables discrimination of hyphae that have 
penetrated plant tissue from those that have not.  
 
1.8 Project Aims 
 
The tomato-Fol interaction is an important plant-pathogen interaction because 
tomato is an important horticultural crop worldwide and Fusarium wilt poses a 
significant threat to tomato production. Several effector genes have been 
identified in Fol and several genes for resistance to Fol have been identified in 
wild relatives of tomato. The I-7 gene for resistance to Fol race 3 was recently 
recognised as a distinct gene from the I-3 resistance gene, after genetic 
mapping work described in Lim et al. (2006). The fact that I-3 and I-7 are 
different genes has interesting and significant implications for tomato breeders  
because it allows the possibility of combining the two genes to help safeguard 
resistance to Fol race 3. I-3 and I-7 are currently being incorporated into the 
same tomato cultivars by tomato breeders in the Queensland Department of 
Primary Industries and Fisheries but since the chromosomal location of the I-7 
gene was unknown, no markers were available for the assisted breeding of I-7 
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genotypes. Therefore, one aim of this project was to identify the chromosomal 
location of I-7 and to develop reliable PCR-based markers to screen for the 
presence of I-7 in marker-assisted breeding. A second aim was to identify and 
characterise the I-7 gene itself.  
 
Firstly, an attempt was made to determine the timing and location of the 
resistant response conferred by I-7 via microscopic analysis of tomato roots 
challenged with a GFP-tagged Fol race 3 (Chapter 2). Two approaches were 
then used to try and identify the location of I-7. The first approach consisted of 
a genome-wide search for polymorphic markers linked to I-7 in the tomato 
cultivar Tristar (Chapter 3). The second approach used a SNP analysis of RNA-
seq data generated from I-7 resistant (Tristar) and susceptible (M82) tomato 
cultivars to look for SNPs linked to I-7 (Chapter 4). After finding the chromosomal 
location of I-7, the aim was to identify I-7 among candidate genes in the I-7 
region (Chapter 5) and to characterise the resistance response it confers 
(Chapter 6).  
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Chapter 2. Generation and analysis of Fusarium oxysporum f. sp. 
lycopersici race 3 transformants containing ectopic insertions of a gene 
expressing Green Fluorescent Protein under the control of the Avr3 
promoter 
 
2.1 Introduction 
 
Several pathogenic filamentous fungi, including Fol, have been transformed 
with Green Fluorescent Protein (GFP) to monitor their development within their 
plant hosts. For example, Fusarium oxysporum f. sp. radicis-lycopersici and 
Fusarium oxysporum f. sp. niveum race 1 have been successfully transformed 
with GFP to allow visualisation and analysis of plant infection and colonisation 
processes in vivo (Lagopodi et al., 2002, Lü et al., 2014). Fol and nonpathogenic 
strain Fo47 of F. oxysporum have also been transformed with Red Fluorescent 
Protein (DsRed2) and GFP, respectively, in order to study the interactions 
between pathogenic and non-pathogenic strains inoculated onto tomato 
roots in soil (Olivain et al., 2006). Similarly, GFP-tagged isolates of Colletotrichum 
acutatum had been used to study both pathogenic and non-pathogenic 
lifestyles of the fungus (Horowitz et al., 2002). 
 
Fol race 3 has been tagged previously with GFP using a gene replacement 
cassette (van der Does et al., 2008), which inserted the GFP coding sequence 
into the Fol genome between the Avr3 promoter and terminator by 
homologous recombination as illustrated in Figure 2.1. The insertion of GFP 
behind the Avr3 promoter revealed that the Avr3 gene is expressed 
immediately upon penetration of the root cortex and only when the fungus is 
inside the plant root (van der Does et al., 2008). This provides a huge technical 
advantage because it enables discrimination of hyphae that have penetrated 
plant tissue from those that have not. However, Avr3 is required for full virulence 
of Fol (Rep et al., 2005), so unfortunately this GFP-tagged derivative of Fol race 
3 has reduced pathogenicity due to loss of the Avr3 gene. 
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An attempt was therefore made in Dr Jones’s lab to use the Avr3 
promoter:GFP:Avr3 terminator cassette obtained from Martijn Rep, University of 
Amsterdam (van der Does et al., 2008b), to generate Fol transformants 
containing an ectopic insertion of this reporter construct (Figure 2.1), thereby 
allowing retention of the Avr3 gene intact. Unfortunately, the transformants with 
ectopic insertions showed very poor GFP expression (Prihatna, 2009). Analysis of 
the Fol genomic sequence revealed that the Avr3 promoter was probably 
incomplete in the cassette used, and lacked approximately 300 bp of 
sequence upstream of the NcoI site used for cloning and downstream of a 
miniature impala repetitive element. This region could contain additional 
promoter elements. For example, there is a qa-1F-cis-element-like motif 
(CGCAAAACATTCATCC) on the minus strand. In Neurospora crassa this motif 
binds qa-1F, an activator that positively regulates expression of genes in the 
quinic acid (qa) gene cluster (Prihatna, 2009). For this study, a new cassette 
was made containing the extra Avr3 promoter sequence and used to transform 
Fol race 3. 
 
This Chapter describes, the transformation of Fol race 3 with a re-engineered 
Avr3 promoter:GFP reporter construct to follow the development of the 
pathogen growing inside the roots of inoculated plants. This analysis was 
intended to allow the appropriate timing for mRNA sampling to be determined 
for the transcriptional profiling experiments described in Chapter 4. 
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Figure 2.1 Gene replacement and ectopic insertion strategies to tag Fol race 3 with an 
Avr3 promoter:GFP reporter gene. Gene replacement is achieved by homologous 
recombination between two DNA molecules with regions of sequence identity flanking 
the incoming gene and the gene being replaced.  Recombination results in intervening 
sequences being exchanged, in this case, the GFP coding region replaces the Avr3 
coding region and is inserted between the Avr3 promoter and terminator. In ectopic 
insertion, a gene cassette (in this case, Avr3pro:GFP:Avr3 terminator) can be inserted 
anywhere in the Fol genome.  
 
 
2.2 Material and Methods 
 
2.2.1 Fol culture and collection of mycelia and conidia  
 
Fol strains were grown in Potato Dextrose Broth (PDB, Fluka, Sigma-Aldrich, St. 
Louis, USA) for 5 days on a rotary shaker (200 rpm) at 25°C until sporulation. 
Fungal mycelia were recovered by filtration of conidia through four layers of 
miracloth. Mycelia retained on the miracloth were allowed to air-dry overnight 
then scraped from the miracloth and frozen in liquid nitrogen. 
 
Conidia passing through the miracloth were collected in a 50 mL tube. After 
collection, conidia were pelleted by centrifugation at 6,000 x g for 10 minutes 
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and the pellet was washed twice by centrifugation and resuspension in 
deionized water. Conidial concentration was determined after the final 
resuspension by counting conidia using a Fuchs-Rosenthal counter under a 
bright light microscope.  
 
2.2.2 Fungal genomic DNA extraction 
 
Mycelia frozen in liquid nitrogen were ground to a fine powder using a pre-
cooled pestle and mortar. Five mL of extraction buffer (200 mM Tris-HCl pH 8.0; 
50 mM EDTA pH 8.0; 200 mM NaCl; 2% (w/v) sodium N-laurylsarcosinate; 0.1% 
(v/v) 2-mercaptoethanol) was added to approximately 200 mg of ground 
sample. The sample was vortexed and incubated at 65°C for 30 min. After 
cooling, an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was 
added, the sample was then vortexed and centrifuged at 6,000 × g for 10 
minutes. The supernatant was transferred to a new tube, an equal volume of 
chloroform:isoamyl alcohol (24:1) was added and the tube was mixed gently 
then centrifuged at 6,000 × g for 10 minutes. The supernatant was collected 
and transferred to a new tube with an equal volume of isopropanol. The 
sample was kept at -20°C for 1 hour in order to enhance precipitation of the 
DNA, then centrifuged at 6,000 × g for 15 minutes. The pelleted DNA was 
washed with 70% (v/v) ethanol then air-dried and dissolved in deionised water. 
 
2.2.3 Restriction digestion, electrophoresis and ligation 
 
DNA restriction enzyme digestions were carried out using the manufacturer’s 
recommended buffer and enzyme-specific incubation temperatures. DNA 
restriction digestion products, PCR products and DNA size markers were size-
fractionated by agarose gel electrophoresis following standard protocols 
(Sambrook and Russell, 2001) using BioRad Laboratories (Hercules, CA, USA) 
electrophoresis equipment with 0.5 x TBE buffer (40 mM Tris-borate, 1 mM EDTA 
pH 8.0). Agarose 0.8-2% (w/v) was used depending on the expected size of the 
DNA fragments. DNA was visualised by incorporating 0.5 µg/mL of ethidium 
bromide or Red Safe Nucleic Acid Staining Solution (InTron Biotechnology, 
Gyeonggi-do, Korea) into the gel and using a UV transilluminator Gel Doc 1000 
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system and Image Lab software (BioRad Laboratories). The Wizard SV Gel and 
PCR Clean-Up system (Promega, Madison, USA) was used, following the 
manufacturer’s instructions, to clean PCR products and recover DNA fragments 
excised from agarose gels after electrophoresis. Ligations were done using T4 
DNA ligase (New England Biolabs, Ipswich, Massachusetts, USA), following the 
manufacturer’s instructions. 
 
2.2.4 Transformation of Escherichia coli Mach1 cells 
 
During cloning, plasmid transformations were done using electrocompetent E. 
coli Mach1 cells. Cells were thawed on ice, mixed gently to resuspend and 1 µL 
of plasmid or ligation product was added. The cell/DNA mixture was then 
transferred into a chilled 0.2 cm gap Gene Pulser cuvette (BioRad Laboratories) 
and electroporated (2.5 kV electromotive force, 200   resistance, 25 µF 
capacitance) using a Gene Pulser electroporator (BioRad Laboratories). 
Immediately after electroporation, 500 µL of lysogeny broth (LB; 10 g/L Tryptone, 
5 g/L yeast extract, 10 g/L NaCl) was added and the bacterial suspension was 
transferred to a 2 mL microcentrifuge tube, which was then incubated at 37°C 
for 1 hour on a rotary shaker (200 rpm). After incubation, 200 µL of the culture 
was plated on LB with 1.5% (w/v/) agar (LBA) supplemented with kanamycin 
(50 µg/mL) and streptomycin (30 µg/mL) for pPK2HPHGFP and pSIX1GFP, 
respectively. LBA plates were incubated overnight at 37°C. 
 
Transformed colonies were grown overnight in LB supplemented with the 
appropriate antibiotic for selection of the plasmid at 37°C on a rotary shaker 
(200 rpm). From the liquid culture, plasmids were extracted using an AccuPrep 
Plasmid Mini extraction kit (Bioneer, Seoul, Korea) following the manufacturer’s 
instructions. Plasmids were checked by restriction digestion and Sanger 
sequencing. Sanger sequencing reactions were performed using the BigDye 
Terminator sequencing kit (Life Technologies, Carlsbad, CA, USA), following the 
manufacturer’s instructions. Capillary electrophoresis of sequencing reactions 
was carried out by the BRF (Biomolecular Resource Facility, Australian National 
University, Canberra, Australia) on an Applied Biosystems sequencer. 
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2.2.5 Contruction of the binary vector pAvr3proGFP 
 
pAvr3proGFP, a binary vector containing GFP driven by the Avr3 promoter, was 
constructed for Agrobacterium-mediated transformation of Fol race 3. It was 
made using the binary vectors pPK2HPHGFP and pSIX1GFP, obtained from Dr. 
Martijn Rep (University of Amsterdam). The pPK2HPHGFP binary vector construct 
(Duyvesteijn et al., 2005) contains the GFP gene fused downstream and in-
frame with the hygromycin resistance gene (hph). This gene fusion is expressed 
by the constitutive yeast glyceraldehyde-3-phosphate dehydrogenase (GPD) 
promoter. The pPK2HPHGFP vector also contains the nptII gene for selection in 
bacteria via kanamycin resistance. The pSIX1GFP binary construct (van der 
Does et al., 2008) contains the Avr3 promoter-GFP-Avr3 terminator cassette and 
the ble (phleomycin resistance) gene, expressed by the GPD promoter. The 
pSIX1GFP vector also contains the aadA gene for selection in bacteria via 
resistance to spectinomycin or streptomycin. 
 
Sequence analysis of pSIX1GFP showed that around 300 bp of possible Avr3 
promoter sequence was missing in the Avr3 promoter:GFP:Avr3 terminator 
cassette and it was proposed that this sequence was needed for efficient GFP 
expression (Prihatna, 2009). Therefore, pAvr3proGFP was constructed by adding 
extra promoter sequence to the Avr3 promoter:GFP vector. Additional 3’ 
sequence was also added to the Avr3 terminator in this construct in case there 
was a problem with missing Avr3 regulatory sequences at the 3’ end of the 
reporter gene. The new construct was based on the pPK2HPHGFP binary vector 
rather than the pSIX1GFP binary vector to allow for greater ease and lower cost 
of selection using hygromycin rather than phleomycin. 
 
The construction of pAvr3proGFP was carried out as follows (Figure 2.2). First, 
pPK2HPHGFP was digested with ApaI and religated to remove the GFP coding 
sequence. This pPK2HPHΔGFP vector was then digested with HindIII, to create 
HindIII sticky ends and insert a DNA linker containing a SpeI site (Linker forward: 
AGCTACTAGTACGTATAGTCAGTACGTACA and Linker reverse 
AGCTTGTACGTACTGACTATACGTACTAGT). After linker insertion, only one HindIII 
site was restored. The additional Avr3 promoter sequence (Figure 2.3) was then 
PCR amplified and cloned into the pPK2HPHΔGFP+linker vector. The PCR was 
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carried out using 2.5 µL Red Taq polymerase (Sigma-Aldrich, St. Louis, MO, USA), 
1x Red Taq PCR reaction buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl, 11 mM 
MgCl2, 0.1% w/v gelatin), 2.5 mM dNTPs, 0.5 µM forward primer containing a 
SpeI site (ATTACTAGTGTACTGTCCGTTCTGTCG), 0.5 µM reverse primer 
containing a HindIII site (GACCAAGCTTAGGCATTCATTA) and 50 ng Fol race 3 
genomic DNA as a template in a total reaction volume of 50 µL. Both the PCR 
fragment and the pPK2HPHΔGFP+linker vector were digested with SpeI and 
HindIII, and ligated together. The resulting construct was designated 
pPK2HPH+extra promoter. 
 
Next, pSIX1GFP was digested with XhoI and AvrII and the 11808 bp vector 
fragment was recovered after agarose gel (0.8% w/v) electrophoresis. An extra 
680 bp terminator region of Avr3 was generated by PCR as above with a 
forward primer containing an XhoI site (AGCCTCGAGGAAGCATTC), and 
reverse primer containing AvrII, HindIII and SpeI sites 
(TACCTAGGAAGCTTACTAGTGATGTCTCTAGTAGC). This PCR fragment was 
digested with XhoI and AvrII and ligated into the XhoI/AvrII digested pSIX1GFP 
vector. The resulting construct was designated pSIX1GFP-mod. To create the 
final pAvr3proGFP construct, a 2328 bp HindIII fragment was generated from 
pSIX1GFP-mod, recovered by electrophoresis and then ligated into the HindIII 
site of pPK2HPH+extra promoter. The fidelity of the resulting pAvr3proGFP 
construct was confirmed by restriction digestion and Sanger sequencing.  
 Figure 2.2 Graphic representation of the construction of the binary vector pAvr3proGFP. GFP = Green Fluorescent Protein, KanR = Kanamycin 
Resistance, HygR = Hygromycin Resistance, ZeoR=Zeocin Resistance, gpd pro =Constitutive glyceraldehyde-3-phosphate dehydrogenase (gpd) 
promoter, LB = left border, RB = right border, restriction sites indicated with black arrows. Positions of priming sites for primers used for screening of Fol 
transformants indicated with red arrows. 
 
CCTTCTAGTGTAGGACCCAGGTCATGATACTGATAACAAAACGTTGTGCAACGACAATTTAAGAAGCGAGTTATTATTCCCGGTATAA
ATCACTATAATTCTGTTTACTTACAAACGAATGCCATTGTAGGGGCTATTTATTAAAATTCAGCTGAATATTAGTGACGCTATCTTAT
TGGTCATGGCTTAAACTAGGAATATGTTAAAGGCAGTCCTCAGAAGCCTAAAGTAGCTCTATCTTGGCCAAAAAGATTCCGTGGCTTA
ACACGCTACGCCGGTCCAGAAGCCGAACGAAACGGTGACCAACTTTCAGCCTGTCTAAACGAATGCAAGCCCATGCACTATAACATCC
AAGCAGCACATCTTTCATAACTACAAGTGACAAGAATGCGAATTAGGGAACCATGCCATCGATGTTGTGGACTTTGGTCATATCTCCA
TCGGGGCTGGTGCCTATAGTCTTGGCTGTCTTGACACTTACCATAACCCCCTTGTAAGCATTTAGTATAGAAAAGAGATTCGCTACGT
CTCATAAGATAAAGCAGGGATTTGAGGCCGGATCAGAAACCATGGGGGTAGCTGACGCTAGCAGAACCATATTGCCAAGATATATGAG
AATAGATTTCATTTTGAAGTTTAGGTGCAAAGATTGTTAAAAGAAGACTGATAAGTAGTTGAAATGAGTAAGCTAAAAGGTGAGAACA
CGTTGCCCTTGAGAGACTGTATATATTTTAGAACGGTTTTAATCTTTCAATTGGGAACATGAATAGACTTTCTTTTAGCCAAAGGCTG
CCGAGGTATTTGCAGTTGCACTCAAAACAGAGTTTTCTAAGCTTTAGCCTTTTAACTTAATCTTTCGAAGGAAACTTCTCGAACTTCA
TTTAAGGTTCAGCTTTATCTATAAAAGGGCAAACCCTATCTGCCGGTCTCATTTACCGCTCTTATTTATTACCAATCTTATTTACATA
CCTGGCAATCTGTATCACTTGCCCACAGAGGAGAGGTGACGGGGTCCAATTAATTTCTCGTGTGCGGCCTGGAAACGGTTATCCTTAT
TGAAGCGTATGGCGGTCTGTGTGGTCAGGAGGAAGTTGTTGGATTCACACTCGGAGCTCTTGGATGCAGCAGGGAGCAATGTAGACGA
AAAAAGATGCCATGATTCTGCAATGATTTGGCTGCTGCTGCGCCGGAAATGCGCCTACCTTCCTCACAGATTCCCTGTTTTGTTCAGG
TCGACTGACTTGGCTGTAACCATCATACCCCCACTGTCGACCGAGGGTGCTTGTGAGGAGTGATGTTGTTTGATAGACCGCTTGGGTG
CCATATAGTGGGGGGCTAAAAGTATCAATCCAAACTCAGGTACCGGAGTAGTCGGTCTAGCCGGATCAAACCCTTGTTGAACGGGGGT
TGAGCGTCTGCGCCCAATGCAGGAAGGCATCGGCTGTTTTCTTCTTCGATACTGTCTGCAGCGGTGGCATTTGTTATTGGTTGAAGCA
TTGCTGGATGAGCTTCGGTCGCGCGCACGGCGCAAGGGGCTCATCTGTACGTCGAAGACTTGTTCGGAAGCTGCTTTCCGTCTGTCCT
TGATACAGTGGGATGCAATAAGTTTGAATACCTTTTCAAGTACTGTTACCCCCTGTCTAGCCTATTTGGAGTTCGATCTTCTTCTGAT
TTAAGAAACAAGTTTGATCTAGCCAATCACTATATTCTTAGTAGCCATGCAAAAGCTAATATTTACGTGGTAGCGAGCTCAAAGAGGC
TAGTGACAAGAGAAGATACACGCCCGGTATTCAAACTTATTGCATCCCACTGTACTGTCCGTTCTGTCGGCCCGAGACACGGCTTGAC
CAACTCCTCACGGTAAATGACGGCGTGGATTGAGTTTAGACATCGTATCTCAGGACAAGATCATCACAGAATGTCAACTCCTTCTCCG
GCTTAGGCTAGAAATCTAGCCGAAACATAGCGCCCAACAAGCGAGTGTGCTGACATGGATGAATGTTTTGCGCTCGTATTCTACGTGG
CTCCTTCACGTTTCAGGGTCTAACTAAGATAACCCTATGAGGATATATGCTTCGTGTATTCAAACTCATGCTATGGACATGTTGGGTA
TCCATGGGGATCACAGCGCAGGATGTAATGAATGCCTAAGCTTGGTCTGCTACCGCTTCAGTGATGCTCGATACAACCCTCTTCGAAC
CTTGCGCGGCTTCCGTGGTAATAGTGCATGTCATGGCAACTTGAAGCTCGCAAGTCTCGGCAAATGGATCAGAACCAGAGTAGTAGTA
GTAGTAGCAGCAGCGTTTTCACTTGCCGACTGATATAAGATAAGTTACTTCACAAATAACTAGATTTGAAAGTCGTGACAACTCATCA
CTCTCGTATCATTCTCGTCTCCACTCCATCTGTTCTGACCACACAGGTTAGGTCTTTCTCTCCTCCCGGAACCTAGATACAACCAATG
TTACTCGTCGAGCAATGCCGACCAGAGGTGACAGAGCCACGTACGACTCTGAAGTCAATTCTCAGAAACGAATTTATGGATAACATAT
ACAGTTCTCGCCATAGCGGTAAAAGCCGCACGGTTCCGCCGTGGTTCCGTGTCAGCAGCTGAATGAAACTTCAAGTCAGACCATCATG
ACTGCTCCCTAGATCCATCGCCTGCATGTTTGCTCGGCAGTTGAGCTCGGCGATTGAGCTCGGCAGTTGAATACATATGGTGTTCGAC
TAGATGATAGAATCCCATTTGTGAAAACAAAGACACATAAATACTGAGGAACTGCCTGCCCGATTCTAAACATCTATCGCTACCATCA
CGGCCTCAACTCCTGCTGTCTTTCAAGACAAGAACACAAGCAGATTTGCCCTTCCGCATCCTCATACTTCGAAACCATCCCTCCCCCA
GCTACCATTATTCCTAATCTCCATTACTTTGTCTCACGAGCCAAGTCTACCGTCGACACATCCCCTTAGTATCCCTCCGGATTTTGAG
CTTTCGACAAAATGGCGCCCTATAGCATGGTACTCCTTGGCGCC 
 
Figure 2.3 Nucleotide sequence of the Avr3 promoter region. Highlighted features 
include the end of the upstream SHH1 (salicylate hydroxylase homologue 1) coding 
region (grey), the NcoI site used by van der Does et al. (2008) to clone the Avr3 
promoter (purple), the HindIII site used in this study to clone the upstream promoter 
fragment (red), the upstream mimp element (green), the qa-1F cis-element-like motif 
(light blue) and the start of the Avr3 coding region (yellow). Priming sites used to PCR 
amplify the upstream portion of the Avr3 promoter are underlined. A SpeI site was 
added to the forward primer sequence for cloning purposes. The reverse primer 
sequence contained the endogenous HindIII site. 
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2.2.6 Transformation of Agrobacterium tumefaciens  
 
A. tumefaciens LBA4404 cells were transformed by electroporation with the 
binary vector pAvr3proGFP.  LBA4404 cells were thawed on ice, mixed gently 
by tapping to resuspend and 100 ng of the plasmid was added. The cell/DNA 
mixture was then transferred into a chilled 0.2 cm gap Gene Pulser cuvette and 
electroporated (2.5 kV, 200 Ω, 25 µF) using a GenePulser electroporator (BioRad 
Laboratories). Immediately after electroporation, 1 mL of yeast extract-mannitol 
media (YM; 0.04% (w/v) yeast extract, 1% (w/v) mannitol, 1.7 mM NaCl, 0.8 mM 
MgSO4. 7H2O, 2.2 mM K2HPO4. 3H2O, pH 7.0) was added and the bacterial 
suspension was transferred to a 2 mL microcentrifuge tube, which was then 
incubated at 28°C for 3 hours on a rotary shaker (200 rpm). After incubation, 
200 µL of the culture was plated on LBA plates supplemented with kanamycin 
(50 µg/mL) for selection of the binary vector and streptomycin (30 µg/mL) for 
selection of the Ti plasmid. Plates were incubated at 28°C for 48 hours. 
 
Single colonies of putative A. tumefaciens transformants were grown in LB with 
appropriate antibiotic selection to extract and check the plasmid using an 
alkaline-lysis plasmid DNA isolation protocol as follows. Around 1.5 mL of a 48-
hour culture was centrifuged at 18000 x g for 1 minute in a microcentrifuge tube. 
The cell pellet was resuspended in 250 µL of Solution I (50 mM glucose, 25 mM 
Tris-HCl, 10 mM EDTA, pH 8.0) by vortexing vigorously. Then, 250 µL of Solution II 
(0.2 N NaOH, 1% w/v sodium dodecyl sulfate (SDS) was added and mixed by 
inverting the tube. Next, 350 µL of Solution III (3 M potassium acetate, 2 M 
glacial acetic acid) were added, mixed by inversion and centrifuged at 18000 
x g for 5 minutes. The supernatant was transferred to a new microcentrifuge 
tube containing 2 volumes of ethanol and centrifuged at 18000 x g for 15 
minutes. The plasmid DNA pellet was washed with 1 mL of 70% (v/v) ethanol, 
air-dried and finally resuspended in 50 µL of deionised water. Plasmids obtained 
were transformed into electrocompetent E. coli Mach1 cells, and re-extracted 
from five single colonies as described in Section 2.2.4. Fidelity of the 
pAvr3proGFP construct was confirmed by restriction digestion with SalI, XhoI  
and BsiWI (all from New England Biolabs). 
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2.2.7 Agrobacterium-mediated transformation of Fol race 3 
 
2.2.7.1 Preparation of Fol race 3 and A. tumefaciens cultures 
 
Fol race 3 freshly streaked from a -80°C glycerol stock was grown until 
sporulation and conidia were collected as described in Section 2.2.1. A. 
tumefaciens strain LBA4404-pAvr3proGFP was freshly streaked from a -80°C 
glycerol stock onto an LBA plate with kanamycin (50 µg/mL) and streptomycin 
(30 µg/mL) and incubated at 28°C for 48 hours. Next, the A. tumefaciens was 
inoculated into 5 ml of YM media supplemented with the same antibiotics and 
grown at 28°C for 24 hrs with shaking (200 rpm). After incubation, the optical 
density was measured and the harvested cells were resuspended to an OD600 
of 0.45 in 10 mL of Inoculation Media (IM; 10 mM K2HPO4, 10 mM KH2PO4, 2.5 mM 
NaCl, 4 mM (NH4)2SO4, 0.5% v/v glycerol, 9 μM FeSO4·7H2O, 40 mM 2-(N-
morpholino)ethanesulphonic acid (MES) pH 5.3, 0.7 mM CaCl2, 2 mM 
MgSO4·7H2O, 10 mM glucose) supplemented with 200 µM acetosyringone. The 
A. tumefaciens culture was then incubated at 28°C for 6 hrs without shaking. 
 
2.2.7.2 Co-cultivation of Fol race 3 and A. tumefaciens 
 
The concentration of Fol race 3 conidia was adjusted to a final concentration 
of 1x105 conidia/mL by suspending the conidia in IM containing A. tumefaciens 
LBA4404-pAvr3proGFP. A. tumefaciens LBA4404 and Fol conidia were also used 
by themselves as negative controls. ME25 filter papers (Wattman Ltd, Kent, UK; 
25 mm diameter; 0.45 µm pore size) were placed on co-cultivation media (10 
mM K2HPO4, 10 mM KH2PO4, 2.5 mM NaCl, 4 mM (NH4)2 SO4, 0.5% v/v glycerol, 9 
μM FeSO4·7H2O, 40 mM MES pH 5.3, 0.7 mM CaCl2, 2 mM MgSO4·7H2O, 5 mM 
glucose, 1.5% w/v Bacto agar) supplemented with 200 µM acetosyringone. A 
volume of 25 µL of the A. tumefaciens-Fol race 3 mixture was spotted onto 
each membrane. The plates were incubated for two days at 25°C after which 
membranes were transferred to Czapek Dox agar (CDA; Oxoid, Basingstoke, 
England) supplemented with 100 µg/mL of hygromycin and 200 µM cefotaxime 
(to kill the A. tumefaciens). Membranes were incubated at 25°C until mycelia of 
putative transformants grew out from the filter onto the media. Transformants 
appeared after 5-10 days on selection. Putative transformants were transferred 
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to new plates with the same media and incubated for 2 days at 25°C to allow 
further growth, then screened as described in Section 2.2.7.3. Confirmed 
transformants were then grown in Czapek Dox broth containing hygromycin for 
5 days at 25°C on a rotary shaker (200 rpm). These cultures were used to 
generate monoconidial cultures, by filtering through four layers of miracloth, 
then plating dilutions of conidial suspensions on CDA with 100 µg/mL 
hygromycin to obtain around 20 conidia per plate. Conidial concentrations 
were determined by counting conidia using a Fuchs-Rosenthal counter under a 
bright light microscope. After conidia germination and the appearance of 
hyphae, a single colony was inoculated into 50 mL PDB and incubated for 5 
days at 25°C on a rotary shaker (200 rpm). Glycerol stocks were prepared from 
conidia recovered from the cultures and stored at -80°C. 
 
2.2.7.3 Screening of Fol race 3 Avr3pro:GFP transformants 
 
Putative Fol race 3 transformants (Fol 3 Avr3pro:GFP) were screened by PCR for 
the presence of the T-DNA and absence of an Avr3 gene disruption. To detect 
the presence of the T-DNA, PCR was performed using the primers 
pPK2HPH+linker forward (TCGTTTACCCAGAATGCACA, that anneals only to 
vector sequence) and Avr3Pro-Hind reverse (GACCAAGCTTAGGCATTCATTA, 
that anneals to the extra Avr3 promoter sequence). To determine if the Avr3 
gene remained intact PCR was performed using the primers ModSIX1 forward 
(GAATTCGAGCCTTTCGGGGAGGAG, that aligns to the start of the Avr3 
sequence encoding the prodomain) and mSIX1 reverse 
(GGATCCTTAGTGTGGGCTGGTATA, that aligns to the 3’ end of the Avr3 open 
reading frame). PCR amplification was done on genomic DNA (50 ng) 
extracted from the putative transformants (Section 2.2.2), following the Phire 
Hot Start II DNA Polymerase (Thermo Scientific, Wilmington, USA) protocol. The 
reaction conditions consisted of one initial denaturation of 98°C for 2 min and 
35 cycles of 98°C for 5 seconds, annealing for 5 seconds, and amplification at 
72°C for 15 seconds per kilobase of expected product. Optimal annealing 
temperatures were determined by using the Tm calculator and instructions at 
http://www. thermoscientific.com/pcrwebtools. PCR was performed using a 
PTC-200 Peltier Thermal Cycler (MJ Research, Waltham, MA, USA). Gel 
electrophoresis was carried out using standard protocols (Sambrook and Russell 
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2001). DNA samples and DNA size markers were size-fractionated using 
electrophoresis equipment supplied BioRad Laboratories. 0.5x TBE buffer (40 mM 
Tris-borate, 1 mM EDTA pH 8.0) was used as a running and gel buffer. Gels 
contained agarose 1.5-2% (w/v) were run at 75V for around 45 minutes. DNA 
was detected by incorporating 0.5 μg/mL of ethidium bromide/RedGel into the 
agarose gel and using a UV transilluminator Gel Doc 1000 system and 
Molecular Analyst software (BioRad Laboratories) to visualize DNA bands. DNA 
ladders used as a size reference correspond to the 100 bp DNA ladder from 
New England Biolabs. 
 
Production of GFP fluorescence in Fol 3 Avr3pro:GFP inoculated tomato roots 
was also evaluated. Fluorescence microscopy was used to observe roots from 
the M82 tomato line, susceptible to Fol race 3, at different time points after 
infection with putative Fol 3 Avr3pro:GFP transformants. Infection of tomato 
plants was done as described in Section 2.2.8. GFP observation was performed 
using a dissecting fluorescence microscope (Leica MZ FLIII Fluorescence 
Stereomicroscope, Leica Microsystems Ltd., Switzerland) using a GFP3 filter 
(470/40 nm excitation and 525/50 nm barrier), Leica DC200 camera and Leica 
IM50 software (version 1.20). GFP observation was also performed using a Zeiss 
LSM780 fluorescence microscope (Zeiss, Mannheim, Germany) with a 480-nm 
excitation/500-to-550 emission filter block, and Zeiss LSM software. 
 
2.2.8 Pathogenicity test to assess the virulence of Fol 3 Avr3pro:GFP 
transformants 
 
M82 (susceptible to Fol race 3) and IL7-3 (resistant to Fol race 3) tomato seeds 
were sown in seed raising mix and seedlings grown for 10-13 days in a 
temperature controlled glasshouse with a maximum day temperature of 25°C 
and minimum night temperature of 18°C. Seedlings were removed carefully 
from the soil, their roots were washed with deionised water, trimmed and then 
dipped in a suspension of 5x106 conidia per mL for 3 minutes, prepared as 
described in Section 2.2.1. Mock-inoculated plants (roots dipped in deionized 
water) of each line were used as controls. Immediately after immersion, plants 
were replanted in soil with a slow release fertilizer (Osmocote, Scotts, Bella Vista, 
Australia), and then watered. Plants were kept in a controlled environment 
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growth room on a 25°C 16 hour day/20°C 8 hour night cycle for 21 days. Fungal 
inoculations were done with Fol 3 Avr3pro:GFP transformants and with Fol race 
3 wild type for comparison. Inoculated plants were taken at various time points 
after infection for GFP observation. At 21 days post inoculation (dpi), the 
remaining plants were scored for wilt symptoms and photographed. 
 
2.2.9 Measuring growth of Fol 3 Avr3pro:GFP transformants in axenic cullture 
 
The growth of the best Fol 3 Avr3pro:GFP transformant was compared to that of 
wild type (WT) Fol race 3. Fungi were grown from glycerol stocks for 3 days to 
collect conidia as described in Section 2.2.1. A volume containing 2x104 
conidia was spotted onto the centre of a PDA plate and grown at 25°C for one 
week. The diameter of the radiating mycelia growth was measured at 3, 4 and 
7 days after inoculation. The experiment was performed in triplicate. 
 
2.2.10 Avr3 and GFP expression in Fol 3 Avr3pro:GFP transformants 
 
Non-quantitative reverse transcriptase PCR (RT-PCR) and Real Time quantitative 
PCR (qPCR) were done in order to evaluate Avr3 and GFP expression in Fol 3 
Avr3pro:GFP transformants during plant infection. For this purpose, M82 
seedlings (11 days old) were inoculated with 1x107 conidia/mL of Fol 3 
Avr3pro:GFP transformants as detailed in Section 2.2.8. M82 seedlings 
inoculated with Fol race 3 WT (1x107 conidia/mL) and mock inoculated M82 
seedlings were used as controls. At 2 and 4 dpi, roots from 3 plants (triplicates) 
were collected separately in microcentrifuge tubes and frozen immediately in 
liquid nitrogen and stored at -80°C until RNA extraction. 
 
2.2.10.1 RNA extraction from roots 
 
For RNA extraction, frozen roots were ground to a fine powder in 
microcentrifuge tubes using sterile plastic pestles. Before thawing, 500 µL of 
TRIzol Reagent (Invitrogen, Thermo Scientific) was added to approximately 30 
mg of tissue, and vortexed briefly to homogenise. The sample was then 
centrifuged at 12,000 × g for 10 minutes at 4°C and the supernatant was 
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transferred to a fresh microcentrifuge tube and kept at room temperature for 5 
minutes. Then, 100 µL of chloroform was added and the sample was vortexed 
for 15 seconds, then incubated for 2–3 minutes at room temperature. Samples 
were centrifuged at 12,000 × g for 15 minutes at 4°C, resulting in a lower red 
phenol-chloroform phase, an interphase, and a colourless upper aqueous 
phase (where the RNA remains). The aqueous phase of the sample was 
removed by pipetting and transferred to a fresh microcentrifuge tube. To 
precipitate the RNA, 125 µL of isopropanol and 125 µL of a precipitating salt 
solution (0.8 M trisodium citrate, 1.2 M sodium chloride) were added, the 
sample was incubated for 10 minutes at room temperature and subsequently, 
centrifuged at 12,000 × g for 30 minutes at 4°C. The supernatant was carefully 
removed by pipetting and the remaining pellet was washed with 500 µL of 80% 
(v/v) ethanol followed by centrifugation at 7500 × g for 5 minutes at 4°C. The 
ethanol was carefully removed by pipetting and the pellet was air dried for 5–
10 minutes. Finally, the RNA pellet was resuspended in 25 µL of deionized water 
and stored at -80°C. Concentration and RNA quality were assessed using a 
Nanodrop spectrophotometer (Thermo Scientific). 
 
2.2.10.2 Non-quantitative reverse-transcriptase PCR  
 
RNA (2 µg) was treated with 2 µL of RQ1 RNase-Free DNase (Promega), 1x RQ1 
DNAse reaction buffer (400mM Tris-HCl pH 8.0, 100mM MgSO4, 10mM CaCl2; 
Promega), and 1 µL of RNasin® Ribonuclease Inhibitor (Promega) in a total 
volume of 20 µL at 37°C for 30 minutes followed by an inactivation step at 65°C 
for 20 minutes. Treated RNA was reverse transcribed into cDNA using Superscript 
III Reverse Transcriptase (Invitrogen, Life Technologies) and an oligo[dT]12-18 
primer (Invitrogen, Life Technologies) following the manufacturer’s instructions. 
PCR was done as described in Section 2.2.7.3 with 1 µL of cDNA and the primer 
pairs given in Table 2.1. Avr3-Q3 primers were used to quantify Avr3 mRNA levels, 
and GFP mRNA levels were quantified using the mGFP-Q1 primers. Primer pairs 
targeting the Fol housekeeping genes translation elongation factor 1α (FoTEF-
Q2, 3’UTR-EF1a-Q1 and 3’UTR-EF1a-Q2), β-tubulin (TubulinB-Q1) and actin 
(Actin-1F and 2R), were used in an attempt to quantify the amount of Fol 
derived cDNA. Each PCR reaction was performed in triplicate.  
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Table 2.1. Primers used for RT-PCR and qPCR, and expected cDNA product size. 
Primer name Forward Primer Reverse Primer 
cDNA 
product 
size 
Source 
Avr3-Q3 GGGCGACTAGGAAAATCGAA GCCCACAGACAGGAAAAGTA 153 bp (Van der Does et al. 2008) 
mGFP-Q1 AGAAGAACGGCATCAAGGTG TGCTCAGGTAGTGGTTGTCG 138 bp Designed manually 
FoTEF-Q2 CATCGGCCACGTCGACTCT AGAACCCAGGCGTACTTGAA 144 bp (Van der Does et al. 2008) 
3’UTR-EF1a-Q1 TCAAGATGGTTCCCTCCAAG ATTATGTGCCCCCAGACAAA 319 bp Designed manually 
3’UTR-EF1a-Q2 CTACCCTCCTCTGGGTCGTT AGCGAGTACATCAGCCCTTG 214 bp Designed manually 
TubulinB-Q1 CATCCTACCGTGCCCAGTCT AATTCCATCTCGTCCATACCC 377 bp Designed manually 
Actin1F and 2R TCGGGTATGTGCAAGG GTCCAGAACGATAC 423 bp (Corrales Escobosa et al., 2011) 
 
2.2.10.3 Quantitative reverse-transcriptase PCR (qPCR) 
 
Avr3 and GFP expression were investigated by qPCR analysis using the KAPA 
SYBR FAST qPCR Kit (Kapa Biosystems, Boston, USA) following the manufacturer’s 
instructions. A volume of 1 µL of cDNA (Section 2.2.10.2) from roots inoculated 
with Fol race 3 WT or Fol 3 Avr3pro:GFP transformants at 2 dpi was used with 
primers Avr3-Q3 and mGFP-Q1 (Table 2.1). Also, primer pairs targeting the 
housekeeping genes EF-1α (3’UTR-FoEF1aQ1 and 3’UTR-EF1a-Q2) and β-tubulin 
(TubulinB-Fol-Q1) were used to amplify constitutively expressed fungal genes. 
No-template controls were included for each primer pair. 
 
A qPCR was carried out in a Corbett Research Rotor-Gene™ with rotor-Gene 
2.0.2.4 software (Corbett Life Science, QIAGEN, Pleasanton, USA). The reaction 
conditions consisted of one initial denaturation of 95°C for 3 min and 40 cycles 
of 95°C for 3 seconds and annealing/amplification at 60°C for 20 seconds. 
Relative expression levels of the genes were calculated using the delta delta CT 
method (Livak and Schmittgen, 2001). House keeping gene was included in an 
attempt to normalize the results. Three technical replicates were used for each 
sample. Relative expression levels are indicated as relative concentration of 
each sample compared with the calibrator sample and were calculated 
based on the takeoff point and the reaction efficiency. Relative concentration 
is expressed in scientific notation (QIAGEN, 2009). 
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2.3 Results  
 
Fol race 3 was transformed with GFP in order to monitor its development within 
its tomato host, and ultimately to determine the timing and location of the 
resistant response conferred by I-7. The Avr3 promoter was chosen to drive GFP 
expression because this promoter only expresses GFP in fungal hyphae that are 
growing inside the plant root (van der Does et al., 2008). pAvr3proGFP, 
presumed to contain the entire Avr3 promoter, was constructed and used to 
generate Fol race 3 transformants carrying ectopic T-DNA insertions. A total of 
15 Fol race 3 Avr3pro:GFP transformants (Fol 3 Avr3pro:GFP) were obtained 
(numbered 1 to 15) and screened for the presence of the T-DNA and for a non-
disrupted Avr3 gene by PCR. GFP fluorescence in Fol 3 Avr3pro:GFP inoculated 
tomato roots was evaluated and the virulence/avirulence of the transformants 
was also assessed via pathogenicity tests on M82 and IL7-3 tomato lines.  
 
2.3.1 Presence of T-DNA and Avr3 in Fol 3 Avr3pro:GFP transformants 
 
The presence of the pAvr3proGFP T-DNA in Fol transformants was examined by 
PCR amplification using the primers pPK2HPH+linker forward and Avr3Pro-Hind 
reverse (Section 2.2.7.3), which align to the linker and extra Avr3 promoter 
sequence of the inserted cassette, respectively. All transformants showed the 
presence of the T-DNA (Figure 2.4).  
 
Fol race 3 requires Avr3 for full pathogenicity (Rep et al., 2005). Because Fol 3 
Avr3pro:GFP transformants were being produced to try to determine the timing 
and location of the resistant response conferred by I-7, they should be fully 
virulent and therefore possess a non-disrupted Avr3. The presence of an intact 
Avr3 gene was investigated by PCR amplification using the modSIX1 forward 
and mSIX1 reverse primers (Section 2.2.7.3). ModSIX1forward aligns to the start 
of the Avr3 sequence encoding the prodomain whereas mSIX1 reverse aligns to 
the 3’ end of the Avr3 open reading frame (Figure 2.2). All of the Fol 3 
Avr3pro:GFP transformants showed the presence of a non-disrupted Avr3 gene 
(Figure 2.4). This finding indicates that the Avr3 gene was not knocked out in 
any of the recovered transformants. 
 
   44 
 
 
Figure 2.4. T-DNA and a non-disrupted Avr3 are present in Fol 3 Avr3pro:GFP 
transformants. Agarose (2%) gel electrophoresis showing PCR amplification of Avr3 (Park 
et al.) and a T-DNA fragment (bottom) from genomic DNA of Fol 3 Avr3pro:GFP 
transformants. The ModSIX1 Forward and mSIX1 Reverse primers, targeting the Avr3 
gene, generated a 570 bp product. Presence of T-DNA is demonstrated by 
amplification of a 450 bp product with the primers pPK2HPH+linker forward and 
Avr3Pro-Hind reverse. Genomic DNA from wild type (WT) Fol race 3 was used as a 
control. The 100 bp DNA ladder from New England Biolabs was used as a DNA size 
reference. 
 
 
2.3.2 Fol 3 Avr3pro:GFP transformants showed GFP fluorescence in axenic 
culture 
 
It was reported that the Avr3 gene is expressed immediately upon penetration 
of the root cortex and only when the fungus is inside the plant (van der Does et 
al., 2008). Therefore, the Fol 3 Avr3pro:GFP transformants were expected to 
show GFP fluorescence only in hyphae that had penetrated plant roots. 
Surprisingly, when cultured in PDB for 5 days (25°C on a rotary shaker 200 rpm) 
most transformants showed weak GFP fluorescence in hyphae and somewhat 
brighter fluorescence in conidia (Figure 2.5). Fol 3 Avr3pro:GFP transformant 10 
showed brighter hyphal fluorescence than the other transformants, but 
transformant 6 failed to show any GFP fluorescence at all in axenic culture.
  
 
Figure 2.5 Fol 3 Avr3Pro:GFP transformants displayed GFP fluorescence when grown axenically. Photos of GFP fluorescence visualised using an 
Axioplan microscope with Fol 3 Avr3pro:GFP transformants 1-12 grown in potato dextrose broth for 5 days. Fluorescence images are shown in the 
upper panels and bright field images in the lower panels. 
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2.3.3 Virulence and GFP fluorescence of Fol 3 Avr3pro:GFP transformants  
 
Fol transformants containing the GFP transgene were produced with the 
purpose of allowing fungal infections to be observed within tomato roots. Roots 
of seedlings inoculated with each of the transformants were sampled for GFP 
observation, at various time points after infection.  Screening of the plants was 
done on a daily basis during the first week, then every 2-3 days. In a first 
experiment, three diferent Fol 3 Avr3pro:GFP transformants (designated 13, 14 
and 15) were used. Each transformant showed fluorescent hyphae growing 
inside plant roots, indicating that the promoter replacement strategy was 
successful. No GFP fluorescent hyphae were observed on the outside of plant 
roots. As an example, Figure 2.6 shows a fluorescent hypha in the vascular tissue 
of an M82 root inoculated with Fol 3 Avr3pro:GFP transformant 13.  
 
 
 
 
Figure 2.6 Tomato roots inoculated with Fol 3 Avr3pro:GFP transformant 13 showed GFP 
fluorescence inside root vascular tissue. GFP fluorescence was visualised at 2 dpi in 
roots of tomato line M82 inoculated with Fol 3 Avr3pro:GFP transformant 13 using a 
dissecting fluorescence microscope. B: Bright field; F: Fluorescence.  
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Figure 2.7 Fol 3 Avr3pro:GFP transformants showed GFP fluorescence but reduced 
virulence on susceptible tomato plants. Photos of susceptible tomato plants (M82) 
inoculated with Fol race 3 WT (left) and Fol 3 Avr3pro:GFP transformants 13, 14 and 15 
(middle) taken at 21 or 28 dpi. Photos of GFP fluorescence visualised using a dissecting 
fluorescence microscope in roots from M82 plants inoculated with Fol 3 Avr3pro:GFP 
transformants 13, 14 and 15 taken at 4 or 5 dpi (right). B: Bright field; F: Fluorescence. 
 
Susceptible tomato plants inoculated with each of the three transformants 
were retained to assess pathogen virulence. Unfortunately, transformants 13, 14 
and 15 showed reduced virulence compared with wild type (WT) Fol race 3 
(Figure 2.7). Therefore, additional transformants (1 to 12) were also evaluated 
for virulence in two separate pathogenicity assays.  In the first experiment, 
transformants 1, 3, 5, 7 and 11 showed reduced virulence compared to WT Fol 
race 3, while transformant 9 was avirulent (Figure 2.8A). In the second 
experiment, transformants 4 and 6 showed virulence closer to that of WT Fol 
race 3 whereas transformants 2, 8 and 10 showed reduced virulence and 
transformant 12 was avirulent (Figure 2.8B). Roots from wilted plants inoculated 
with the three most virulent transformants, transformants 4, 6 and 8, were 
examined for GFP fluorescence (Figure 2.9). While hyphae growing inside roots 
of plants inoculated with transformants 4 and 8 showed good GFP fluorescence, 
those from plants inoculated with transformant 6 showed poor GFP 
fluorescence. 
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Figure 2.8 Pathogenicity assays of Fol 3 Avr3pro:GFP transformants on susceptible 
tomato plants. A. Photos of resistant (IL7-3) and susceptible (M82) tomato plants 
inoculated with Fol race 3 WT (Park et al.) and susceptible M82 plants inoculated with 
Fol 3 Avr3pro:GFP transformants 1, 3, 5,7, 9 and 11 (bottom) taken at 21 dpi. B. Photos of 
resistant (IL7-3) and susceptible (M82) tomato plants inoculated with Fol race 3 WT (Park 
et al.) and Fol 3 Avr3pro:GFP transformants 2, 4, 6, 8, 10 and 12 (bottom) taken at 21 
dpi. 
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Figure 2.9. GFP fluorescence of Fol 3 Avr3pro:GFP transformants growing in susceptible 
tomato plants. Photos of resistant (IL7-3) and susceptible (M82) tomato plants 
inoculated with Fol race 3 WT, and susceptible M82 plants inoculated with Fol 3 
Avr3pro:GFP transformants 4, 6 and 8 taken at 21 dpi (Park et al.). Photos of GFP 
fluorescence visualised in roots of plants inoculated with Fol 3 Avr3pro:GFP 
transformants 4, 6 and 8 at 21 dpi using a dissecting fluorescence microscope (bottom). 
 
 
To better evaluate the virulence of the three best transformants, an additional 
pathogenicity assay was carried out using sets of 13 susceptible (M82) plants, 
with each set of plants inoculated with Fol race 3 WT or Fol race 3 transformants 
4, 6 or 8. Disease symptoms were observed at 21 dpi and GFP fluorescence was 
observed inside inoculated roots at various time points after infection (Figure 
2.10). Fol race 3 transformant 6 showed the best virulence but poor GFP 
fluorescence. On the other hand, Fol race 3 transformants 4 and 8 showed 
good GFP fluorescence but reduced virulence. Out of transformants 4 and 8, 
transformant 4 was the most virulent. No fluorescent hyphae were observed on 
the outside of inoculated roots for any of the transformants tested. 
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Figure 2.10. Pathogenicity assays of Fol  transformants 4, 6 and 8 on susceptible tomato 
plants. Photos of susceptible (M82) tomato plants inoculated with Fol 3 Avr3pro:GFP 
transformants 4, 6 and 8 taken at 21 dpi (left). Photos of GFP fluorescence visualised in 
roots from plants inoculated with transformants 4 and 8 at 5 dpi but not in plants 
inoculated with transformant 6, using a dissecting fluorescence microscope (right). 
 
 
Fol 3 Avr3pro:GFP transformant 4 was the most virulent of all the transformants 
that showed good GFP fluorescence. Therefore, three additional pathogenicity 
assays (Experiments A, B and C) were carried out with transformant 4 using a 
larger number of susceptible M82 plants (23 for experiment A, 15 for B and 18 
for C) for infection with Fol race 3 WT or Fol race 3 transformant 4. Disease 
symptoms were observed at 21 dpi (Figure 2.11) and GFP fluorescence was 
observed in inoculated roots at various time points after infection (Figure 2.12). 
GFP fluorescence was also observed in inoculated roots using a Zeiss confocal 
microscope (Figure 2.13). In all experiments, susceptible plants inoculated with 
transformant 4 showed good GFP fluorescence in all the roots observed. 
However, although most of the susceptible plants inoculated with transformant 
4 showed wilting symptoms, transformant 4 had reduced virulence when 
compared to Fol race 3 WT. 
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Figure 2.11 Fol 3 Avr3pro:GFP transformant 4 has reduced virulence when compared to 
Fol race 3 WT. Photos of susceptible M82 plants inoculated with Fol race 3 WT (from 
experiments A, B and C, 3 top panels) and Fol 3 Avr3pro:GFP transformant 4 (from 
experiments A, B and C, 3 bottom panels).  Pictures were taken at 21 dpi. 
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Figure 2.12 Fol transformant 4 showed strong GFP fluorescence when growing inside 
roots of inoculated tomato plants. Photos of roots from plants inoculated with Fol 3 
Avr3pro:GFP transformant 4 observed for GFP fluorescence under a dissecting 
fluorescence microscope at 21 dpi. Bright field (B, top), bright field and fluorescence 
(B+F, bottom).    
 
 
Figure 2.13 Fol transformant 4 showed strong GFP fluorescence when growing inside 
roots of inoculated tomato plants. Photo of roots from plants inoculated with Fol 3 
Avr3pro:GFP transformant 4 observed for GFP fluorescence under a Zeiss confocal 
microscope.  Images are overlays of bright field and fluorescence. 
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2.3.4 The growth of Fol 3 Avr3pro:GFP transformant 4 on PDA was similar to that 
of Fol race 3 WT 
 
Fol 3 Avr3pro:GFP transformant 4 showed good GFP fluorescence and was the 
most virulent of all the transformants produced. However, transformant 4 
showed reduced virulence when compared to Fol race 3 WT. In order to further 
compare this transformant with Fol race 3 WT, their rate of growth on PDA 
media was assessed. 2x104 spores from Fol 3 Avr3pro:GFP transformant 4 and Fol 
race 3 WT were grown on PDA  in triplicates. The diameter of each colony was 
measured after 3, 4 and 7 days of growth (Table 2.2, Figure 2.14). Despite an 
apparently significant difference in growth after 3 days this experiment showed 
no significant differences in growth after 4 and 7 days suggesting that overall 
the rate of growth of the Fol transformant was very similar to that of Fol race 3 
WT. Likewise, the two strains were very similar with respect to colony 
morphology and colour. 
 
 
Table 2.2 Average diameters of colonies grown on PDA for Fol Avr3pro:GFP transformant 
4 and Fol race 3 WT. Standard errors are shown in brackets (n=3). P values were 
calculated using a t-test for significance of the difference between the means of the 
two samples. 
 
Day Fol race 3 WT 
Fol 3 Avr3pro:GFP 
transformant 4 P value* 
3 3.37±0.03 cm 3.57±0.03 cm 0.013264 
4 4.33±0.07 cm 4.30±0.06 cm 0.723261 
7 6.67±0.14 cm 6.40±0.12 cm 0.205557 
*P value > 0.05 indicates no significant difference detected between the means of the 
two samples. 
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Figure 2.14. Fol 3 Avr3pro:GFP transformant 4 shows similar colony colour and 
morphology on PDA and grows at a similar rate to Fol race 3 WT. Photos of Fol race 3 
Avr3pro:GFP transformant 4 and Fol race 3 WT growing on PDA after 3, 4 and 7 days 
incubation. 
 
2.3.5 Avr3 and GFP expression of Fol 3 Avr3pro:GFP transformants 
 
Non-quantitative RT-PCR and Real Time quantitative PCR (qPCR) were done in 
an attempt to evaluate Avr3 and GFP expression in Fol race 3 WT and Fol 3 
Avr3pro:GFP transformants during plant infection. The aim of this experiment 
was to determine whether Avr3 expression was affected by insertion of the 
Avr3pro:GFP transgene in the Fol transformants and whether loss of 
pathogenicity might be correlated with either lower levels of Avr3 expression or 
higher levels of GFP expression. 
 
RNA samples were extracted at 2 and 4 dpi from roots of tomato plants 
inoculated with Fol race3 WT and transformants 2, 4, 7, 8 and 9. Triplicate RNA 
samples were analysed by RT-PCR (Figure 2.15). As expected, no Avr3 or GFP 
transcripts were detected in samples taken from mock-inoculated plants. Fol 3 
Avr3pro:GFP transformants 2, 4, 7 and 8 showed Avr3 and GFP expression at 2 
and 4 dpi. Bands representing Avr3, GFP and EF-1α transcripts were more 
intense for RNA samples taken at 4 dpi than 2 dpi, consistent with a higher 
fungal biomass in these samples. However, some samples taken at 4 dpi also 
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showed very faint products, most likely due to poor mRNA extraction, poor 
cDNA synthesis or poor PCR amplification. 
 
 
 
 
Figure 2.15 RT-PCR analysis of Avr3 and GFP expression in Fol race 3 WT and Fol 3 
Avr3pro:GFP transformants. mRNA levels of Avr3, GFP and EF-1 α (internal control for the 
amount of Fusarium derived cDNA) were assessed by  RT-PCR. Avr3 cDNA was 
detected using the Avr3-Q3 primer pair, which generated a PCR product of 153 bp. 
GFP cDNA was detected using the mGFP-Q1 primer pair, which generated a PCR 
product of 138 bp. EF-1α cDNA was detected using the FoTEF-Q2 primer pair, which 
generated a PCR product of 144 bp from cDNA and a PCR product of 423 bp from 
genomic DNA (EF-1α primers flank an intron). RT-PCR results for triplicate samples taken 
at 2 and 4 dpi are shown. The 100 bp DNA ladder from New England Biolabs was used 
as a size reference. 
 
 
Unexpectedly, EF-1α transcripts were detected in mock-inoculated control 
samples at both, 2 and 4 dpi (Figure 2.16). One of the reasons for these primers 
amplifying a product from samples that are not supposed to contain Fol could 
be that EF-1α is a gene widely found in all eukaryotic lineages and these 
primers may be amplifying a homologue from tomato. Another possible reason 
could be fungal contamination of the mock inoculated samples, but the fact 
that the mock inoculated samples did not show amplification with primers 
targeting Avr3 or GFP make this possibility unlikely.  
 
Because of the non-specific amplification of EF-1α observed with the FoTEF-Q2 
primers, additional primers that target the 3’ untranslated region (UTR) of EF-1α 
(3’UTR-EF1a-Q1 and 3’UTR-EF1a-Q2), the actin gene (Act1F and 2R) and the β-
tubulin gene (TubulinB-Fol-Q1) of Fol were tested in an attempt to identify a 
good primer pair that could be used to evaluate the expression of fungal 
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transcripts in Fol-inoculated roots. Unfortunately, all of the primers tested 
showedamplification with at least one of the mock-inoculated samples (Figure 
2.16) or with other independent cDNA samples from plant roots or leaves (data 
not shown).  
 
 
 
 
Figure 2.16 RT-PCR analysis with primers to the Fol EF-1α , β-tubulin and actin genes. EF-
1α cDNA was detected using the 3’UTR-EF1a-Q1 and 3’UTR-EF1a-Q2 primer pairs, which 
generated PCR products of 319 bp and 214 bp, respectively. Fol β-tubulin was 
detected using the TubulinB-Fol-Q1 primer pair, which generated a PCR product of 377 
bp. Fol actin cDNA was detected using the Act-1F and Act-2R primers, which 
generated a PCR product of 423 bp. Triplicates of samples are shown (in most cases). 
The 100 bp DNA ladder from New England Biolabs was used as a size reference. 
 
 
A qPCR analysis was carried out on the 2 dpi cDNA samples used for the RT-PCR 
analysis shown in Figure 2.13 i.e. from roots inoculated with transformants 2, 4, 7, 
8 and 9. cDNA samples were amplified using the Avr3-Q3 and mGFP-Q1 primer 
pairs to quantify Avr3 and GFP mRNA levels, respectively. Control primer pairs 
targeting the housekeeping genes EF-1α (3’UTR-EF1a-Q1 and -Q2) and β-tubulin 
(TubulinB-Fol-Q1) were used to amplify constitutively-expressed fungal 
transcripts. Three technical replicates were included for each sample and no-
template controls were included for each primer pair. As expected, the no-
template controls showed no amplification in any of the three technical 
replicates with any of the primer pairs. On the other hand, some mock-
inoculated control samples showed amplification products with primers 
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targeting the Fol housekeeping genes. In addition, a few of the samples 
amplified with 3’UTR-EF1a-Q1/Q2 and TubulinB-Fol-Q1 primers showed a double 
peak in the melt curve, indicating the presence of primer dimers or secondary 
non-specific PCR products. Despite considerable effort, satisfactory primers for 
quantitative amplification of a Fol housekeeping gene could not be found. 
Therefore, the amount of Fol derived cDNA could not be determined for a 
constitutively expressed housekeeping gene and as a consequence the qPCR 
data for Avr3 and GFP could not be normalised.  
 
2.4 Discussion 
 
The work presented in this chapter describes the re-engineering of an Avr3 
promoter:GFP reporter construct by restoring a missing upstream part of the 
promoter. The new construct, pAvr3proGFP, was used to transform Fol race 3. 
The missing part of the promoter consisted of around 300 bp of upstream 
sequence that contains a qa-1F-like element, a putative activator-binding site 
that may be necessary for efficient Avr3 expression. The results presented in this 
chapter showed that inclusion of the extra promoter sequence did in fact 
restore Avr3 promoter activity in transformants carrying ectopic insertions. 
Although the -1 to -575 region of the Avr3 promoter seems to be conserved 
between the promoters of Avr3 homologues in other formae speciales of 
Fusarium oxysporum, the regions further upstream seem to be unique to Fol. It is 
therefore possible that the 300 bp region added to the promoter contains cis-
elements responding to a signal unique to tomato roots. This region has not 
been investigated further for possible cis-acting elements, because it is beyond 
the scope of this thesis. However, future studies could focus on a bioinformatic 
and experimental analysis of this region. 
 
Fol race 3 was transformed with pAvr3proGFP in order to obtain Fol 
transformants with an ectopic insertion of an Avr3 promoter:GFP reporter as well 
as an intact Avr3 gene. Fifteen Fol transformants were recovered. The majority 
of these transformants showed weak GFP fluorescence when grown in axenic 
culture on PDB (Figure 2.5). This was not completely unexpected because van 
der Does et al. (2008) showed weak expression of the Six1 gene in Fol cultures 
grown on PDB. However, when these transformants were used to infect plants, 
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they only showed GFP fluorescence inside roots, not on the outside where 
fungal mycelia would also have been present (Figures 2.6, 2.7, 2.9, 2.10 and 
2.12). Unfortunately, all transformants that showed GPP fluorescence upon 
infection of tomato roots also showed reduced virulence (Figures 2.7, 2.8, 2.9, 
2.10 and 2.11). Fol is haploid so the insertion of GFP into coding or regulatory 
sequences could have a disruptive effect, e.g. insertion into a gene required for 
normal growth and viability, or pathogenicity. If this was the case, then it may 
have been possible to overcome the problem by screening many more 
transformants. However if the GFP insertion had a disruptive effect, differences 
in growth, morphology or viability might have been expected between the WT 
and Fol transformants together with the loss of pathogenicity. Morphology, 
growth rate, and both colony appearance and colour of the best transformant 
were similar to those observed in the WT, providing no evidence for a disruptive 
effect on fungal development due to the GFP insertion in this transformant 
(Figure 2.14). 
 
There is also the possibility that an ectopic copy of the Avr3 promoter may have 
an interfering effect on the endogenous Avr3 promoter, and may diminish Avr3 
expression, thereby affecting pathogenicity. In addition, the fact that the 5’ 
and 3’ UTRs of Avr3 are present in the Avr3 promoter:GFP:Avr3 terminator 
construct and that these are transcribed along with the GFP coding sequence, 
creates the possibility of interference with the activity of the endogenous Avr3 
gene at the RNA level. Alternatively, the fact that all transformants showing GFP 
fluorescence had reduced pathogenicity and that Fol 3 Avr3pro:GFP 
transformant 6 (the only fully virulent transformant) showed no GFP expression 
could suggest that GFP may be toxic to Fol race 3. However, transformant 4 
showed normal growth and development in vitro suggesting that GFP is not 
toxic per se. As these possibilities were not related to the intended use of a 
suitable transformant, they were not investigated further. 
 
Even though the present work might suggest that GFP has affected 
pathogenicity of the Fol transformants obtained, GFP has been used widely 
and successfully to study various plant–pathogen systems. Moreover, other 
studies with GFP-tagged F. oxysporum, have not reported an effect of GFP on 
pathogenicity. For example, F. oxysporum f. sp. radicis-lycopersici was 
transformed with GFP, and transformants tested for pathogenicity on tomato 
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were all found to be just as pathogenic as the parental isolate (Lagopodi et al., 
2002). Similarly, it was shown that the transformation of F. oxysporum f. sp. 
niveum race 1 with GFP did not affect pathogenicity on watermelon (Lü et al., 
2014).  
 
GFP and Avr3 expression in the Fol 3 Avr3pro:GFP transformants was evaluated 
by RT-PCR and qPCR. Although the Fol transformants tested by RT-PCR showed 
Avr3 and GFP expression, pathogenicity tests showed reduced virulence for all 
of them.  Unfortunately, Avr3 and GFP transcript levels could not be normalised 
in the qPCR analysis of the Fol transformants because good PCR primers 
targeting a fungal housekeeping gene and/or good PCR parameters could not 
be found to validate the results. The primers used in this study were primers 
targeting commonly used fungal housekeeping genes. Issues with the primers 
can perhaps be attributed to primer design and/or inappropriate annealing 
temperatures. BLAST searches (Basic Local Alignment Search Tool) (Altschul et 
al., 1990) of the primer sequences against the Tomato WGS Chromosomes 
(SL2.50) nucleotide database showed significant matches in the tomato 
genome, but it is unclear whether the matches would lead to inappropriate 
priming.  
 
Primers targeting the fungal EF-1α sequence were found to amplify a product 
from samples that were not supposed to contain Fol (mock-inoculated control 
samples). As mentioned previously, it is possible that the primers used may be 
amplifying a homologue from tomato. Supporting this possibiity, Figure 2.17 
shows an alignment of the EF-1α reverse primer to an homologous tomato 
sequence found using a BLAST search against the Tomato WGS Chromosomes 
(SL2.50) nucleotide database available on the SOL genomics network 
(http://solgenomics.net/tools/blast/). The alignment reveals that the reverse 
primer has a good match to the tomato EF-1α gene on chromosome 11 (95% 
identity). Although the EF-1α forward primer does not match the tomato gene, 
it is possible that a good match with a single primer could contribute to the 
generation of a PCR artefact.  
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 Query: FoTEF-Q2 reverse primer 
 
 > Chromosome 11 
  
 Query: 1            agaacccaggcgtacttgaa  20                  
       ||||||||||| |||||||   
 Sbjct: 54308528    agaacccaggcatacttgaa     54308509  
 
Figure 2.17 BLAST search of EF-1α  primers against the Tomato WGS Chromosomes 
(SL2.50) nucleotide database reveals 95% identity between the reverse primer and a 
segment of the tomato EF-1α  gene. 
 
 
Primers targeting the 3’ UTR of EF-1α, the actin and β-tubulin genes were also 
tested and showed amplification in some mock-inoculated samples. BLAST 
searches of each of these primers against the Tomato WGS Chromosomes 
(SL2.50) nucleotide database revealed significant matches in the tomato 
genome. However, it is not clear whether these matches would lead to 
inappropriate priming because most of them lack matches for 2 or 3 of the 3’ 
bases. Figure 2.18 shows an alignment of the primers to one of the tomato 
sequences found in the BLAST search.  
3’UTR-FoTEF1a-Q1 primers 
 
Query: 3’UTR-FoTEF1a-Q1 forward primer 
> Chromosome 11 
 
Query: 3       tcaagatggttccctccaag 20 
                   |||||||||||||||  
Sbjct: 31700642 caaagatggttccctcccta 31700623 
  
 
Query: 3’UTR-FoTEF1a-Q1 reverse primer 
> Chromosome 8 
 
 Query: 1        attatgtgcccccagacaaa 20 
    ||||||||||||||||||  
Sbjct: 36253094  attatgtgcccccagacact 36253113 
 
 
3’UTR-FoTEF1a-Q2 primers 
 
Query: 3’UTR-EF1a-Q2 forward primer 
> Chromosome 10 
 
Query: 1         ctaccctcctctgggtcgtt 20 
                   |||||||||||||||  
Sbjct: 11272214  gtaccctcctctgggtgtca 11272195 
 
 
Query: 3’UTR-EF1a-Q2 reverse primer 
> Chromosome 8 
  
Query: 1         agcgagtacatcagcccttg 20 
                         |||||||||||||||  
Sbjct: 22927696  tcatggtacatcagcccttg 22927677 
 
TubulinB primers 
 
Query: TubulinB-Q1 forward primer 
> Chromosome 12 
 
Query: 7         catcctaccgtgcccagtct 20 
                         ||||||||||||||  
Sbjct: 32902112  ctagggaccgtgcccagtct 32902099 
 
 
Query: TubulinB-Q1 reverse primer 
> Chromosome 3 
 
Query: 1         aattccatctcgtccataccc 19 
                |||||||||||||| ||||  
Sbjct: 10350517  aattccatctcgtcaatacat 10350499 
 
 
Actin-1 primers 
 
Query: Actin-1 forward primer 
> Chromosome 7 
 
Query: 3     tcgggtatgtgcaagg 16  
          ||||||||||||||  
Sbjct: 23040477  aagggtatgtgcaagg 23040464 
   
 
Query: Actin-2 reverse primer 
> Chromosome 2 
 
Query: 1  gtatcgttctggac 14  
   ||||||||||||||  
Sbjct: 7891613  gtatcgttctggac 78916 
 
 
 
Figure 2.18 BLAST search of primers to Fol genes against the Tomato WGS Chromosomes (SL2.50) nucleotide database. Search results for primers to Fol 
3' UTR of EF-1α (3’UTR-FoEF1a), Fol β-tubulin (TubulinB-Fol) and Fol Actin genes (Act1F and 2R) revealed a high percentage of identity between the 
primers and segment of the tomato genome (one alignment shown). BLAST searches used Expect (e-value) threshold 10-30 and substitution matrix 
BLOSUM62 
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Future efforts in this area would need to concentrate on identification of a 
gene showing uniform constitutive expression that is unique to fungi (i.e. absent 
from plants) in order to normalise fungal gene expression in infected plants. 
Another option could be to focus on designing primers targeting regions of 
housekeeping genes with no sequence homology to plant DNA. Primer pairs 
targeting regions with low sequence homology in the 3’UTR of EF-1α (3’UTR-
EF1a −Q1 and Q2) and the β-tubulin gene were designed manually in an 
attempt to overcome this problem but amplification products were still 
detected from mock-inoculated samples using these primers. Also, annealing 
temperatures used in the PCR analysis were determined using the Tm calculator 
tool recommended for the DNA polymerase protocol used. It could therefore 
be possible that annealing temperatures were too low and needed to be 
increased. Optimisation of annealing temperatures in PCR reactions to avoid 
non-specific PCR products could have been done by testing a range of 
temperatures above and below the calculated Tm of the primers, but it was not 
pursued because of time constrictions. 
 
van der Does et al. (2008) used the FoTEF-Q2 primers to successfully evaluate 
constitutive EF-1α expression in cDNA from infected plants by qPCR. However, 
mock-inoculated control plants were not included in their experiments so there 
were no data to show that these primers were not also amplifying from plant 
material. Corrales Escobosa et al., (2011) used the primer pair Actin 1F/2R as an 
internal control for constitutive expression of the actin gene in an RT-PCR 
experiment on cDNA from infected roots. Their results showed no detectable 
amplification products in the RT-PCR analysis of root or stem samples from mock 
inoculated plants. Because they did not report the annealing temperatures 
and PCR cycling conditions, it is likely that the work presented in this chapter 
was done under different conditions, as PCR amplification products were 
detected in mock inoculated samples using these primers (Figure 2.16). 
Therefore, this primer pair was not used for qPCR evaluation of constitutive 
expression. Also, BLAST searches with all the primers revealed that there are a 
number of potentially unintended templates in tomato (Figure 2.17 and 2.18). 
These primers may also have been unsuitable for the purposes described in this 
chapter because they were intended for RT-PCR analysis and had not been 
optimised for qPCR. Failure in the present project to find suitable primer pairs for 
normalisation of Fol transcripts could perhaps be attributed to inappropriate 
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annealing temperatures and/or cycling conditions, but primer homology with 
tomato sequences may also have been a contributing factor. 
 
As a consequence of the failure to obtain ectopic Fol 3 Avr3Pro:GFP 
transformants without reduced virulence, fluorescence microscopy could not 
be used to determine the best time of RNA sampling for the RNA-Seq analysis 
described in the next chapter or to undertake further microscopic analysis of 
inoculated tomato roots in order to determine the timing of the resistant 
response conferred by I-7. However, fluorescent hyphae from Fol transformants 
were observed inside tomato roots as early as 2 dpi, suggesting that plant 
defense response signalling should already have started. Therefore, this time 
point was chosen for RNA sampling. 
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Chapter 3. Marker analysis of Tristar lines along the entire length of the 
tomato chromosomes 
 
3.1 Introduction 
 
The I-3 and I-7 genes, which confer resistance to Fol race 3, were introgressed 
from Solanum pennellii accessions LA716 (Scott and Jones, 1989b) and PI414773 
(McGrath et al., 1987a), respectively. The I-7 gene was recently recognized as 
distinct from the I-3 resistance gene, after mapping work described by Lim et al., 
(2006). Since the chromosomal location of the I-7 gene is unknown, no markers 
are available for the marker-assisted breeding of I-7 genotypes. 
 
In marker-assisted breeding, marker analysis enables rapid and accurate 
determination of the genotype of each individual in the breeding population, 
replacing weeks of conventional glasshouse screening by pathogen 
inoculation. The identification of breeding lines carrying both I-7 and I-3 is 
difficult because both confer the same phenotype i.e. resistance to Fol race 3. 
DNA markers are being used for marker-assisted selection of I-3 genotypes in I-7 
resistant lines, but no markers are available for the selection of I-7 genotypes. 
Therefore, the development of robust PCR-based markers for use in marker-
assisted breeding of I-7 by tomato breeders is needed in Australia, where 
tomato is an important horticultural crop.  
 
The present chapter describes an attempt to identify the chromosomal location 
of I-7 by carrying out a genome-wide survey using PCR-based markers 
available from the SOL Genomics Network (SGN) website 
(http://solgenomics.net/) to identify markers that can be used to screen for the 
presence of I-7. 
 
3.1.1 DNA markers and marker analysis 
 
DNA markers are small fragments of DNA that display nucleotide variation 
between individuals in a population. There are a variety of methods for 
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detecting this variation including PCR amplification. PCR-based DNA markers 
include SCAR (Sequence Characterized Amplified Region) markers and CAPS 
(Cleaved Amplified Polymorphic Sequence) markers. CAPS and SCAR markers 
have been useful tools for the mapping and marker-assisted breeding of 
desirable genetic traits in tomato for many years.  
 
SCAR markers may be dominant or codominant whereas CAPS markers are 
usually codominant. Dominant SCAR markers show clear PCR presence versus 
absence polymorphisms whereas codominant SCAR markers show product size 
polymorphisms after restriction enzyme digestion. Both, CAPS and codominant 
SCAR markers allow differentiation between homozygous and heterozygous 
genotypes. 
 
3.1.2 Genome-wide survey using PCR-based markers as a tool for identification 
of a polymorphic region associated with I-7 
 
CAPS and SCAR markers have been used to construct the Tomato EXPEN-2000 
linkage map available at the SGN website (http://solgenomics.net/ 
cview/map.pl?map_id=9), which is based on 80 F2 individuals from the cross S. 
lycopersicum LA925 x S. pennellii LA716. Currently, the Tomato-EXPEN 2000 map 
contains a total of 2,604 markers including CAPS, SCAR and SNP (single 
nucleotide polymorphism) markers. The position of these markers relative to 
each other on the map is shown in terms of recombination frequencies 
observed in the F2 population. 
 
Markers around 10-15 cM (centiMorgan) apart on the Tomato-EXPEN 2000 map 
and covering all twelve tomato chromosomes were used to try to identify 
polymorphic regions that might carry I-7 by comparison of marker genotypes 
between tomato cultivars Tristar and M82, and S. pennellii accession LA716. 
Tristar is a tomato cultivar carrying I-7 on an introgressed region of DNA from S. 
pennellii accession PI414773.  M82 is a tomato cultivar susceptible to Fol race 3. 
The original S. pennellii PI414773 accession was not available, so S. pennellii 
accession LA716 was used instead as a positive control to show that the 
markers used were capable of detecting S. pennellii polymorphisms when 
compared to M82. Whether DNA introgressed from S. pennellii accession 
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PI414773 would show the same marker polymorphisms as S. pennellii accession 
LA716 was unknown, but the possibility of novel polymorphisms was kept in mind 
during this analysis. 
 
3.2 Material and methods 
 
3.2.1 Plant material 
 
Tristar, M82 and S. pennellii LA716 were used for the initial identification of 
polymorphic regions. Subsequently, when polymorphic regions were found, 
individuals from homozygous resistant and homozygous susceptible Tristar x M82 
F3 and F4 lines were used for further screening. Mr Des McGrath at the 
Queensland Department of Primary Industries and Fisheries (QDPIF) carried out 
the disease resistance scoring to identify the homozygous Tristar x M82 F3 and 
F4 lines. 
 
Seed from the tomato lines used, were sown in seed raising mix and seedlings 
grown in a temperature controlled glasshouse with a maximum day 
temperature of 25°C and minimum night temperature of 18°C. The resulting 
seedlings were used for genomic DNA extraction. 
 
3.2.2 Genomic DNA extraction 
 
Total plant DNA was extracted from cotyledons of 2-week-old seedlings using 
the CTAB method of Edwards et al. (1991) as modified by Giraudat et al. (2003). 
Plant tissue (200-300 mg) was harvested, collected in 2 mL microcentrifuge 
tubes and immediately frozen in liquid nitrogen. Frozen tissue was ground to a 
fine powder with a sterile mortar and pestle under liquid nitrogen and 
resuspended in 1 mL of nuclear extraction buffer (200 mM Tris-HCl pH 7.5, 50 mM 
EDTA, 2 M NaCl, 2% (w/v) CTAB, 0.8% (w/v) sodium bisulphite). Subsequently, 
200 μL of 5% (v/v) sarkosyl were added, the tube mixed by inverting several 
times and incubated at 65°C for 30 minutes. The sample was extracted by 
addition of an equal volume of phenol:chloroporm:isoamyl alcohol (25:24:1 
v/v/v), vortexing and centrifugation at 16800 x g for 10 minutes. After 
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centrifugation, the supernatant was recovered into a 1.5 mL microcentrifuge 
tube and 0.6 volumes of isopropanol were added for DNA precipitation. The 
precipitate was recovered by centrifugation at 16800 g for 10 minutes. After 
removal of the supernatant, the remaining pellet was washed with 1mL of 70% 
Ethanol followed by centrifugation at 16800 x g for 5 minutes. Excess liquid was 
removed and pellets were air-dried before resuspending in 50 μL of deionized 
water. Concentration and DNA quality were assessed in a Nanodrop 
spectrophotometer (Thermo Scientific, Wilmington, USA). 
 
3.2.3 PCR analysis  
 
PCR was performed using a PTC-200 Peltier Thermal Cycler (MJ Research, 
Waltham, MA, USA) in a reaction volume of 10 μL (SCAR markers) or 20 μL 
(CAPS markers) following the Phire Hot Start II DNA Polymerase (Thermo Fisher 
Scientific, Scoresby, Australia) protocol. Reactions contained 1x Phire reaction 
buffer [provides 1.5 mM MgCl2; Thermo Fisher Scientific], 200 μM of each dNTP, 
0.5 μM of each primer (all of the primer sequences for the DNA markers used 
are available from the SGN website (http://solgenomics.net) and are listed in 
Appendix 1), 0.4 μL/20 μL reaction of Phire Hot Start II DNA polymerase (Thermo 
Fisher Scientific) and 50-100 ng template. The reaction conditions consisted of 
one initial denaturation of 98°C for 2 min and 35 cycles of 98°C for 5 seconds, 
annealing for 5 seconds, and amplification at 72°C for 15 seconds per kilobase 
of expected product. Optimal annealing temperatures were determined by 
using the Tm calculator and instructions at http://www. 
thermoscientific.com/pcrwebtools.  
 
3.2.4 Restriction digestion 
 
Restriction digestions were carried out according to the restriction enzyme 
manufacturer’s instructions in 10 μL volume reactions. Most of the restriction 
enzymes used for CAPS markers are available from the SGN website 
(http://solgenomics.net/) and are listed in Appendix 1. When information about 
the restriction site was not available from the SGN database, restriction sites 
likely to be present in M82 were identified from the tomato genome sequence 
(The Tomato Genome Consortium 2012) available on the SGN website. Several 
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of the corresponding restriction enzymes were then tried until finding one that 
revealed a restriction site polymorphism between M82 and LA716 PCR products 
(shown in blue in Appendix 1). 
 
3.2.5 Agarose gel electrophoresis 
 
Gel electrophoresis was carried out using standard protocols (Sambrook and 
Russell 2001). DNA samples and DNA size markers were size-fractionated using 
BioRad Laboratories (Hercules, CA, USA) electrophoresis equipment. 0.5x TBE 
buffer (40 mM Tris-borate, 1 mM EDTA pH 8.0) was used as a running and gel 
buffer. Gels contained agarose 0.8-2% (w/v) depending on the size of the DNA 
fragments to be analysed. Gels were run at 75V for 30-60 minutes. DNA was 
detected by incorporating 0.5 μg/mL of ethidium bromide/RedGel into the 
agarose gel and using a UV transilluminator Gel Doc 1000 system and 
Molecular Analyst software (BioRad Laboratories, Hercules, California, USA) to 
visualize DNA bands. DNA ladders used as a size reference correspond to the 
100 bp DNA ladder from New England Biolabs (Ipswich, Massachusetts, USA) 
qnd the 1 kb HyperLadder ™ I from Bioline (Alexandria, Australia). 
 
3.3 Results 
 
3.3.1 Marker analysis for identification of polymorphic regions between Tristar, 
M82 and S. pennellii LA716 tomato lines 
 
A total of two hundred SCAR and CAPS markers covering all twelve tomato 
chromosomes at 10-15 cM intervals was used to test genomic DNA from Tristar, 
M82 and S. pennellii LA716 for marker polymorphism. Figure 3.1 shows the 
approximate position of the DNA markers tested. A complete list of the markers 
used is shown in Appendix 1. 
 
  
 
Figure 3.1 Graphic representation of the tomato chromosomes (derived from the Tomato EXPEN-2000 map SGN website http://solgenomics.net/) and 
approximate position of markers used for the genome survey. CAPS (black) and SCAR (green) markers for which there is complete information 
available on the SGN website. CAPS markers that we developed and for which information is incomplete or differs on the SGN website are indicated 
in red. CAPS markers showing a polymorphism between S. lycopersicum cultivars Tristar and M82 are indicated in blue. 
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A total of 40 SCAR markers were tested. These included 39 co-dominant SCAR 
markers, which amplified different-sized PCR products from M82 and S. pennellii 
LA716 genomic DNAs. One dominant SCAR marker, which amplified a PCR 
product from only one of the two genomic DNAs due to primer mismatch on a 
polymorphic region, was also used in the present work. As an example of the 
work with SCAR markers, Figure 3.2 shows the results obtained with markers in 
C2_At3g20390 (SGN #4723) and U221455 (SGN#9542) positioned on 
chromosome 10 at 0 and 81 cM respectively (http:// solgenomics.net). 
 
 
Figure 3.2. Agarose (2%) gel electrophoresis showing SCAR markers C2_At3g20390 and 
U221455. PCR amplification using marker C2_At3g20390 generates a 900 bp product 
with M82 and Tristar genomic DNA and a 750 bp product with LA716 genomic DNA. 
PCR amplification using U221455 marker generates a 750 bp product with M82 and 
Tristar genomic DNA and a 870 bp product with LA716 genomic DNA. 
 
 
A total of 160 CAPS markers were tested. Restriction site information available in 
the SGN database allowed detection of clear size polymorphisms between 
M82 and LA716 after restriction enzyme digestion of PCR products. When 
information about the restriction site was not available in the SGN database, 
genome sequence information available on the SGN website allowed the 
identification of restriction sites likely to be present in the M82 PCR product. 
Then, several of the corresponding restriction enzymes were tried until finding 
one that revealed a restriction site polymorphism between M82 and LA716 PCR 
products. As an example of the work with CAPS markers, Figure 3.3 shows the 
results obtained with CAPS markers C2_At2g06005 (SGN #7178) and T0801 
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(SGN#1610) positioned on chromosome 12 at 34 cM and 74 cM respectively 
(http:// solgenomics.net). Both markers showed the same band size in all three 
lines before digestion (Figure 3.3.A) but a different band size between Tristar or 
M82 on the one hand and LA716 on the other after restriction digestion, 
consistent with the polymorphisms described in the SGN database.  
 
 
 
 
Figure 3.3. Agarose (2%) gel electrophoresis showing CAPS markers C2_At2g06005 
(SGN #7178) and T0801 (SGN#1610) targeting chromosome 12. A. PCR amplification 
using primers for markers C2_At2g06005 and T0801 generates 400 bp and 600 bp 
products, respectively, with all templates. B. After restriction digestion of the 
C2_At2g06005 PCR product with HinfI (NEB), M82 and Tristar showed a ~190 bp digested 
product while LA716 showed a 350 bp digested product After restriction digestion of 
the T0801 PCR product with AccI (NEB), M82 and Tristar showed a 400 bp digested 
product while LA716 showed an uncut product. 
 
 
3.3.2. Marker analysis of homozygous resistant and homozygous susceptible 
Tristar x M82 F3 and F4 lines 
 
From the 200 markers used to screen genomic DNA from Tristar, M82 and LA716, 
only C2_At1g67660 and C2_At3g44890 showed polymorphisms between Tristar 
and M82. These two markers were then used to screen individuals from 20 
homozygous resistant and 20 homozygous susceptible Tristar x M82 F3 and F4 
lines to look for a correlation between marker polymorphisms and resistance or 
susceptibility to Fol race 3. 
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Unusual among CAPS markers, C2_At1g67660 is a dominant CAPS marker 
positioned at 51.1 cM on tomato chromosome 10. PCR amplification with 
C2_At1g67660 primers generates a 350 bp product with all genomic DNA 
templates, but after restriction digestion with SacI (NEB), Tristar shows an uncut 
product while M82 and LA716 show a 300 bp digested product. Marker analysis 
of individuals from homozygous Tristar x M82 F3 and F4 lines with C2_At1g67660 
showed no correlation between presence and absence of the 300 bp band 
and resistance or susceptibility to Fol race 3 indicating that there is no linkage 
between the marker and the I-7 gene (Figure 3.4).  
 
C2_At3g44890 is a CAPS marker positioned at 62 cM on tomato chromosome 
11. PCR amplification with C2_At3g44890 primers generates a 1650 bp product 
with all genomic DNA templates, but after restriction digestion with HinfI (NEB), 
Tristar shows digested products of about 700 bp, 450 bp and 400 bp, M82 shows 
digested products of 800 bp, 450 bp and 400 bp and LA716 shows a 750 bp 
digested product. Marker analysis of individuals from homozygous Tristar x M82 
F3 and F4 lines with C2_At3g44890 showed no correlation between band 
patterns and resistance or susceptibility to Fol race 3 indicating that there is no 
linkage between the marker and the I-7 gene (Figure 3.5). 
 
Despite the fact that none of the polymorphisms detected with C2_At1g67660 
and C2_At3g44890 were found to be linked to the I-7 gene, additional markers 
around these two polymorphic markers were tested in order to provide higher 
resolution and examine whether there was a cluster of polymorphic markers 
indicative of S. pennellii introgressions in these two regions. However, none of 
the markers located close to C2_At1g67660 and C2_At3g44890 showed 
polymorphism between Tristar and M82.  It is interesting to note that resistance 
to Fol exists on the two chromosomes where the polymorphisms were found. 
Chromosome 10 contains the I-6 gene for resistance to Fol race 2 while 
chromosome 11 possesses the I and I-2 genes for resistance to Fol race 1 and 
race 2 respectively (Ori et al., 1997; Simons et al., 1998; Sela-Buurlage et al., 
2001; Arens et al., 2010). Figure 3.6 shows the approximate positions of the 
C2_At1g67660 and C2_At3g44890 markers as well as the approximate positions 
of the I, I-2 and I-6 genes. The polymorphic markers are well separated from the 
Fusarium-wilt resistance genes suggesting only a coincidental relationship
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Figure 3.4. Agarose (2%) gel electrophoresis showing marker analysis of Tristar x M82 F3 and F4 individuals C2_At1g67660 (SGN#6984). PCR 
amplification with C2_At1g67660 primers generates a 350 bp product with all genomic DNA templates, but after restriction digestion with SacI (NEB), 
Tristar shows an uncut product while M82 and LA716 show a 300 bp digested product. The gel also shows segregation for CAPS marker C2_At1g67660 
in DNA samples from either homozygous susceptible or homozygous resistant lines. 
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Figure 3.5. Agarose (2%) gel electrophoresis showing marker analysis of Tristar x M82 F3 and F4 individuals with C2_At3g44890 (SGN#4657). PCR 
amplification with C2_At3g44890 marker generates a 1650 bp product with all templates (Not shown). After restriction digestion with HinfI (NEB), Tristar 
shows digested products of about 700 bp, 450 bp and 400 bp. M82 shows digested products of 800 bp, 450 bp and 400 bp. LA716 shows a 750 bp 
digested product. The gel also shows segregation for CAPS marker C2_At3g44890 present in DNA samples from either homozygous susceptible or 
homozygous resistant lines. 
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Figure 3.6. Graphic representation of tomato chromosomes 10 and 11 showing approximate positions of the I-6 gene for resistance to Fol race 2; the 
Bw-2 gene for resistance to Bacterial wilt; the I gene for resistance to Fol race 1; the I-2 gene for resistance to Fol race 2 and the Sm gene for resistance 
to Gray Leaf Spot caused by Stemphyllium species. Red arrows represent the approximate position of C2_At1g67660 and C2_At3g44890 markers. 
Green arrows show the approximate positions of the other SCAR and CAPS markers used in this analysis. 
 
On the other hand, C2_At3g44890 appears to be located very close to the Sm 
gene (Behare et al., 1991) for resistance to tomato grey leaf spot caused by 
Stemphylium species, so the possibility that C2_At3g44890 could mark an S. 
pimpinellifolium introgression carrying Sm was explored. Figure 3.7 shows CAPS 
marker C2_At3g44890 tested on MicroTom, a line carrying Sm on an 
introgressed region derived from S. pimpinellifolium PI79532. After HinfI digestion, 
MicroTom showed the same banding pattern as Moneymaker and M82, lines 
that are Stemphylium susceptible, indicating that C2_At3g44890 is not a marker 
useful for Sm breeding. 
 
 
 
Figure 3.7. Agarose (1.5%) gel eletrophoresis showing marker analysis with 
C2_At3g44890 (SGN#4657). PCR amplification with C2_At3g44890 primers generates a 
1650bp product with all templates (Not shown). After restriction digestion with HinfI 
(NEB), Tristar shows digested products of about 700 bp, 450 bp and 400 bp. L penellii 
LA716 shows a 750bp digested product; while M82, Moneymaker and MicroTom show 
digested products of 800 bp, 450 bp and 400 bp. Controls: MicroTom is a line that 
carries the Sm gene whereas M82 and Moneymaker do not carry Sm. 
 
 
3.3.3 Marker analysis for identification of resistance genes present in Tristar 
 
Tristar is a tomato line with complex ancestry and a genetic background that is 
not very clear. Not much information is available about Tristar other than it 
carries I-7 on an introgressed region derived from S. pennellii accession PI414773, 
in a S. lycopersicum background. In order to gather more information about 
resistance genes present in the Tristar line, markers for the identification of I, I-2, 
I-3 and Ve1 were tested on genomic DNA from this line. 
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The I gene was introgressed from S. pimpinellifolium PI79532 line 160 and maps 
to chromosome 11 (Bohn and Tucker, 1939). The CAPS 21099 marker designed 
around SNPs solcap_snp_sl_21099 by David Jones (Gonzalez-Cendales et al., 
2014) were used to show the presence of the I gene introgression in both Tristar 
and M82 (Figure 3.8). 
 
 
 
 
Figure 3.8. Agarose (2%) gel electrophoresis showing CAPS 21099 marker testing for the 
presence of the I gene in Tristar and M82 lines. CAPS 21099 produces a 584 bp product 
with all lines, but after restriction digestion with NcoI (NEB), lines that do not contain the I 
gene show 325 bp and 259 bp digested products. Controls: Moneymaker does not 
contain the I gene whereas M82 contains the I gene. 
 
 
The I-2 gene was introgressed from S. pimpinellifolium PI126915 and maps to 
chromosome 11 (Ori et al., 1997; Simons et al., 1998). Marker Z1063 was 
developed by Arens et al. (2010) as a marker for the presence of I-2 gene. 
Tristar but not M82 was shown to contain the Z1063 marker indicating the 
presence of I-2 in Tristar and its absence in M82 (Figure 3.9). Although Tristar 
carries the I-2 gene, I-2 cannot correspond to I-7 because I-2 does not confer 
resistance to Fol race 3. 
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Figure 3.9. Agarose (1.5%) gel electrophoresis showing dominant SCAR marker Z1063 
testing for the presence of I-2 in Tristar. Lines that carry the I-2 gene produce a 940 bp 
band after PCR amplification with the Z1063 primers. Controls: Moneymaker does not 
contain I-2 whereas LA3130 does contain I-2.  
 
 
 
The Ve1 gene for resistance against Verticillium dahliae was introgressed from S. 
lycopersicum line Peru Wild (no accession number recorded) and mapped to 
chromosome 9 (Arens et al., 2010). De Jonge et al. (2012) reported that over-
expression of Ve1 confers resistance to Fol, so there was a possibility I-7 could 
correspond to Ve1. A codominant tetra-primer ARMS-PCR marker was 
developed by Arens et al. (2010) to identify the presence of the Ve1 gene. 
Tristar and M82 were both shown to contain the marker for the Ve1 gene 
(Figure 3.10) indicating the presence of Ve1 in both cultivars. The fact that M82 
(susceptible to Fol race 3) contains Ve1 eliminates the possibility that Ve1 
corresponds to I-7.  
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Figure 3.10. Agarose (1.5%) gel electrophoresis showing codominant tetra-primer 
ARMS-PCR marker testing for the presence of Ve1 in Tristar, M82 and Moneymaker. A 
476 bp amplification product indicates the presence of Ve1 whereas amplification of a 
158 bp band indicates its absence. Primers amplify a 580 bp control band in all three 
lines. 
 
 
 
Lim et al. (2006) found that the I-7 gene from S. pennellli PI414773 does not map 
to chromosome 7 and therefore it is a distinct gene to the I-3 gene from S. 
pennellli LA716. To corroborate this finding, the CAPS marker S5 (Gonzalez-
Cendales et al., 2014) was tested on Tristar. As a positive control, IL7-3, a line 
carrying I-3 on an introgressed region of S. pennellii chromosome 7 in the 
genetic background of S. lycopersicum cv. M82, was used. As expected, Tristar, 
M82 and Moneymaker did not contain the marker for the I-3 gene (Figure 3.11). 
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Figure 3.11. Agarose (2%) gel electrophoresis showing CAPS marker S5 testing for the 
presence of I-3 in Tristar. CAPS S5 produces a 306 bp product with all lines, but after 
restriction digestion with BsrGI (NEB), lines that contain the I-3 gene show 209 bp and 97 
bp digested products. Controls: Moneymaker and M82 do not contain the I-3 gene 
whereas IL7-3 does contain I-3. 
 
 
3.4. Discussion 
 
This chapter describes a genome-wide search for the chromosomal location of 
I-7 using PCR-based markers. A total of 200 SCAR and CAPS markers were used 
to scan the tomato genome at around 10-15 cM resolution. Two polymorphisms 
were identified, but linkage analysis showed that neither polymorphism was 
linked to I-7. These polymorphisms are likely to be a consequence of differences 
in the genetic background of the two tomato cultivars (Tristar carrying I-7 and 
M82 lacking I-7) used in these experiments.  
 
Although this result did not identify the location of I-7, it did suggest that the 
introgressed segment of S. pennellii DNA carrying I-7 must be small (less than 10 
cM). This is a desirable finding from a tomato breeding perspective because 
large introgressions often carry undesirable traits, but to find a small introgressed 
segment (less than 10 cM) using a marker analysis approach would present 
difficulty because of the huge number of markers that would need to be used 
to fill the 10 cM gaps. 
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In addition, the fact that Tristar has a complex ancestry and its genetic 
background is not very clear may present a difficulty in finding I-7. The fact that 
Tristar has a poorly defined S. lycopersicum background raises the possibility 
that Tristar could contain introgressed fragments from other tomato species e.g. 
S. pimpinellifolium, in addition to the introgressed fragment from S. pennellii 
PI414773. This possibility is supported by the finding that Tristar contains S. 
pimpinellifolium introgressions carrying I and I-2 and a wild S. lycopersicum 
introgression carrying Ve1. On the other hand, the finding that the markers used 
were not able to detect these introgressions from S. pimpinellifolium or wild S. 
lycopersicum was a little surprising. This may reflect the fact that the markers 
used for this genome survey were designed to show polymorphisms between S. 
lycopersicum and S. pennellii rather than polymorphisms with closer relatives or 
from wild accessions of the same species, which would be expected to show 
much lower levels of polymorphism. 
 
Because the work presented in this chapter did not identify the location of I-7, 
an attempt was then made to locate I-7 by combining SNP analysis with gene 
expression analysis (RNA-Seq analysis via Illumina sequencing) to identify SNPs 
linked to I-7. This work is described in the next chapter. 
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Chapter 4. Identifying the chromosomal location of I-7 by combining SNP 
analysis with gene expression analysis 
 
4.1 Introduction 
 
The I-7 gene, which confers resistance to Fol race 3, was introgressed from 
Solanum pennellii accession PI414773 (McGrath et al., 1987b) and recently 
recognised as a new resistance gene (i.e. distinct from the I-3 gene; Lim et al., 
2006).  
 
Chapter 3 described a first attempt to try and locate the I-7 gene by carrying 
out a genome-wide search using PCR-based markers to identify polymorphisms 
associated with the S. pennellii introgression carrying I-7. A total of 200 SCAR 
and CAPS markers were used to scan each chromosome at around 10-15 cM 
resolution. Two polymorphisms were identified, but linkage analysis showed that 
neither polymorphism was linked to I-7. 
 
Digital gene expression analysis through next generation sequencing is a 
relatively new and very powerful way to assess transcriptional responses to 
signal activation. Moreover, RNA sequencing (RNA-seq), is increasingly being 
used for global gene expression profiling because it allows unbiased 
quantification of transcript expression levels (Mortazavi et al., 2008). One 
advantage of RNA-seq is that it allows single-base resolution and it can reveal 
sequence variations like Single Nucleotide Polymorphisms (SNPs) in transcribed 
regions of the genome (Wang et al., 2009). 
 
This chapter describes the identification of the chromosomal location of I-7 by a 
combination of gene expression analysis and SNP analysis. This second 
approach was based on transcriptional profiling experiments using Illumina 
sequencing of cDNAs from the roots of mock-inoculated Tristar and M82 
tomato plants. The sequence data was mapped against the tomato reference 
transcriptome to look for clusters of SNPs that might be linked to I-7. A small 
cluster of SNPs on chromosome 8 suggested the presence of a small 
introgressed region that might carry I-7. Marker analysis in this region showed 
   83 
association with resistance or susceptibility to Fol race 3, and subsequently, a 
candidate for the I-7 gene was identified.  
 
The Tfw (tolerance to Fusarium wilt) gene, identified in S. pennellii accession 
LA716, which confers limited resistance to Fol races 1, 2 and 3, has also been 
located on chromosome 8 near the isozyme marker Aps-2 (acid phosphatase-
2) (Bournival et al., 1989, 1990). Solyc08g066530 has been annotated as Aps-1-
like (Wang et al., 2007, Gonzalez-Cendales et al., 2014)) and therefore this gene 
could correspond to Aps-2. The Aps-2 isozyme marker is reported to be closely 
linked to the Got-4 (glutamate oxaloacetate transaminase-4) isozyme marker 
(Tanksley and Rick, 1980). This gene could correspond to Solyc08g068330, which 
is annotated as an aspartate amino transferase (= glutamate oxaloacetate 
transaminase) (Wang et al., 2007, Gonzalez-Cendales et al., 2014). Both 
Solyc08g066530 and Solyc08g068330 are located closed to the introgressed 
region carrying I-7, thereby placing Tfw close to I-7. The fact that I-7 and Tfw are 
both located in a similar position on tomato chromosome 8, and that both 
confer resistance against Fol race 3, raises the possibility that these two genes 
are allelic. Therefore, this chapter also describes experiments to investigate this 
possibility. 
 
The RNA-seq experiment in this study was undertaken not only to identify the 
chromosomal location of I-7 but also in an effort to investigate the changes in 
the tomato defence transcriptome in response to infection by Fol race 3 and to 
identify genes induced in response to I-7 activation. Therefore a preliminary 
analysis of the transcriptomic response to Fol race 3 is also presented in this 
chapter.  
 
4.2 Material and methods 
4.2.1 Plant material, plant infection and tissue sampling 
 
Tomato plants were grown in seed raising mix as described in Section 3.2.1. 
Plants were inoculated by dipping their roots in a conidial suspension of Fol 
race 3. Inoculations for RNA-seq analysis were performed using 1x107 
conidia/mL and the IL8 lines were tested using 5x106/mL conidia/mL. Mock-
inoculated roots were dipped in deionized water. The preparation of Fol 
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conidia and inoculation of seedlings are described in Section 2.2.8. After 
inoculation, plants were kept in a growth room at 25°C 16 hour day/20°C 8 hour 
night cycle. After 21 days, plant weight, wilt symptoms and vascular browning 
were recorded and used to calculate a disease score according to the criteria 
of Rep et al. (2005) and as listed below. Average disease score was calculated 
for each plant group.  
 
0 = no reaction, healthy plant 
1 = slightly swollen or bent hypocotyl 
2 = one or two brown vascular bundles in hypocotyl 
3 = at least two brown vascular bundles and growth distortion (strong 
bending of the stem and asymmetric development) 
4 = all vascular bundles are brown; plant either dead or very small and 
wilted. 
 
Average disease scores were tested for significant differences using non-
parametric tests; the Mann-Whitney test for pair wise comparisons and the 
Kruskal-Wallis test for comparisons of three or more average disease scores. 
These tests were available online at http://vassarstats.net/index.html. 
 
For the RNA-seq experiment, ten-day-old seedlings of tomato cv. Tristar 
(resistant to Fol race 3) and M82 (susceptible to Fol race 3) were used. Roots of 
15 plants from each treatment were collected 2 days post inoculation (dpi). 
Roots were washed with sterile deionised water, pooled in a microcentrifuge 
tube and frozen immediately in liquid nitrogen for RNA extraction. As an 
infection control, five M82 Fol race 3 inoculated tomato plants were kept for 21 
days in the growth room to monitor the level of disease symptoms. Inoculations 
were repeated three different times (experiments A, B and C) in order to obtain 
biological replicates. 
 
For the experiment to determine whether I-7 could potentially be allelic to Tfw, 
the tomato introgression lines IL8-1, IL8-2 and IL8-3 were used. Seedlings were 
used for genomic DNA extraction as detailed in Section 3.2.2. Fol race 3 
infections were carried out after confirming the IL8 lines by marker analysis. 
Four-week-old tomato plants from IL8-1, IL8-2, IL8-3, Tristar (I-7), IL7-3 (I-3), and 
M82 (susceptible to Fol race 3) were inoculated with Fol race 3. Ten plants of 
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each line were used per treatment. Five mock-inoculated plants of each line 
were used as controls. 
 
4.2.2 Isolation of RNA 
 
Frozen root samples were ground in liquid nitrogen using mortars and pestles, 
and total RNA was isolated using the Plant RNeasy kit (QIAGEN, Hilden, 
Germany) following the manufacturer’s instructions. After extraction, RNA was 
eluted in 35 μL of RNase-free water and checked for yield and integrity on an 
Agilent 2100 Bioanalyzer (Agilent technologies, Santa Clara, USA) at the 
Biomolecular Resource Facility (The Australian National University, Canberra, 
Australia). 
 
4.2.3 Illumina Sequencing  
 
Five μg of total RNA per sample was sent to The Ramaciotti Centre at The 
University of New South Wales, Sydney, Australia, for cDNA synthesis, library 
preparation and deep sequencing using the Illumina HiSeq2000 sequencing 
platform to generate 100 base paired-end reads. Five samples were 
multiplexed per lane.  
 
4.2.4 SNP Analysis 
 
Analysis of Illumina RNA-seq data was carried out using CLC Genomics 
Workbench 4.0 software (http://www.clcbio. com/). Quality trimmed Illumina 
reads were mapped against the tomato reference transcriptome (International 
Tomato Annotation Group, ITAG2.3 release; file ITAG2.3_cdna_alignments.gff3), 
which was obtained from the SOL genomics network 
(http://solgenomics.net/organism/Solanum_lycopersicum/genome). Quality 
trimming was performed with the following parameters: trim quality limit of 0.05, 
nucleotide ambiguities limit of 2, minimum number of nucleotides in reads of 50 
and discard of short reads). Mapping was done using the read mapper tool 
with global alignment and the parameters: mismatch cost of 2, insertion cost of 
3, deletion cost of 3, length fraction of 0.5 (50% of the reads needs to match the 
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reference sequence for the read to be included in the final mapping), and 
similarity of 0.8 (80% identity between the read and the reference sequence).  
 
To find single-nucleotide variations between the mapped reads and the 
reference transcriptome, the SNP detection tool was used, which is based on 
the Neighborhood Quality Standard (NQS) algorithm of Altshuler et al., (1990). 
This analysis looks at each mapped position to determine if there is a SNP, and 
does a qualified assessment considering the quality of the neighboring bases. 
The parameters used for this analysis were: window size of 11 (how far away 
from the current position the quality assessment should extend), minimum 
average quality of surrounding bases of 15, maximum number of gaps and 
mismatch count of 2, minimum quality of central base of 20, minimum 
coverage of 10 for a SNP to be called and minimum variant frequency of 35 (at 
least 35% of the validated reads at this position should have a different base). 
 
4.2.5 Transcript analysis of genes in introgressed region 
 
CLC Genomics Workbench 4.0 software was used for determine which genes 
within the introgressed region (as defined by the marker analysis) were 
expressed in the roots of Tristar and M82. Reads from mock treatments were 
mapped to a subset of reference transcripts (Solyc08g077410.2.1 to 
Solyc08g077900.2.1) using the CLC RNA-Seq analysis tool.  
 
The parameters used were: maximum pair distance of 500, minimum paired 
distance of 1, reference used without annotations, maximum number of 2 
mismatches allowed, minimum length fraction 0.97 (97% of the sequence 
should be included in the mapping), with minimum similarity fraction 0.8 (97% of 
the read should align with 80% similarity in order to be included). Expression 
levels were recorded as reads per kilobase per million mapped reads (RPKM 
values; Mortazavi et al., 2008). 
 
4.2.6 Differential Expression Analysis 
 
A differential expression analysis on the RNA-seq data was carried out by the 
Genome Discovery Unit (GDU) at the The Australian National University, 
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Canberra, Australia, using the following pipeline. Firstly, the sequence quality 
filtering software, Trimmomatic 0.27 (Bolger et al., 2014) was run on the data 
(with parameters: ‘LEADING:15 TRAILING:15 SLIDINGWINDOW:4:20 MINLEN:50’) 
to remove low quality bases from the sequence ends and any low quality reads. 
The program TopHat v2.0.11 (Trapnell et al., 2009) was used to align the 
trimmed reads (with the ‘b2-very-sensitive’ parameter) to the tomato 
transcriptome SL240 downloaded from EnsemblPlants 
(http://plants.ensembl.org/index.html) and Cufflinks v2.2 (Trapnell et al., 
2010) was then used to assemble the transcripts. Predicted transcripts that 
overlapped with annotated tomato transcripts were identified using the 
intersectBed feature from BEDTools v2.19 (Quinlan and Hall 2010) and the 
output was processed with the script tagCountByGene; written by the GDU 
(see Appendix 3 for program script). This count data was then run through the 
statistical analysis program EdgeR v3.7.2 (Robinson et al., 2010). The following 
pair wise comparisons were made: inoculated resistant versus mock resistant 
(Tristar), inoculated susceptible versus mock susceptible (M82). The EdgeR 
parameters for significance were a P value ≤ 0.05, logCPM > 1 and, False 
Discovery Rate (FDR) ≤ 0.05. CPM = counts per million, and is calculated as 
Normalized CPM. For all programs default parameters were selected, except 
were stated above.  
 
4.2.7 SNP analysis and marker analysis of genes showing a high frequency of 
SNPs 
 
SNPs between the Tristar or M82 reads and the Heinz 1706 reference 
transcriptome onto which they were mapped were identified using the CLC 
Genomics Workbench SNP detection tool as described in Section 4.2.4, and put 
into an Excel spreadsheet for analysis. SNP data included SNP positions relative 
to the reference sequence, the polymorphic bases found in the reference, 
Tristar and M82 sequences, the frequency and absolute number of reads that 
display a variant base at a given position, and read coverage at the SNP 
position. Only SNPs with a read frequency ≥75% were selected for further 
analysis. SNPs that were common to Tristar and M82 relative to the reference 
transcriptome were identified using the VLOOKUP tool in Excel and discarded. 
The remaining unique polymorphisms were used to calculate the SNP 
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frequency in each transcript (number of SNPs per transcript / length of the 
transcript). SNP frequency was plotted against the corresponding tomato 
genes on each tomato chromosome to identify genes or clusters of genes with 
a high frequency of SNPs. Once such genes or clusters of genes were identified, 
PCR-based markers were designed targeting genes with SNPs corresponding to 
restriction site polymorphisms (Table 4.1). Marker analysis was performed initially 
using genomic DNA from Tristar and M82. When polymorphisms were confirmed, 
markers were then used to screen individuals from 20 homozygous resistant and 
20 homozygous susceptible Tristar x M82 F3 and F4 lines (screened previously by 
Des McGrath, Queensland Department of Primary Industries, Forestry and 
Fisheries) to look for a correlation between marker polymorphisms and 
resistance or susceptibility to Fol race 3.  
 
Table 4.1 CAPS markers designed to four genes within the cluster of Tristar SNPs on 
chromosome 8  
 
Target 
Gene 
Foward primer 
(5'-3') 
Reverse primer 
(5'-3') 
Undigested 
product bp 
Digested product bp 
Restriction 
Enzyme 
Tristar M82 
Solyc08
g077780 
GCAATGACTTTGCT
GTTTATGTC 
AATTATAATCGAGA
CCACTTTACCC 
296  
 
Tsp509I 
192, 
56, 33, 
12, 3 
136, 
56, 56, 
33, 12, 
3 
Solyc08
g077730 
GCTTCTGCTTTAAC
CCCACTT 
TCTGAACTTCAATA
TTCTTCTGATGC 
246 
 
HinfI 177, 69 246 
Solyc08
g077560  
TTTTCTCATATGGG
TTTCTCTGG 
TCCCCTCTCCTACG
AGACCT 
463 
 
DraI 463 
292, 
100, 71 
Solyc08
g077540 
CCCAATTCCTAAAA
CCTCAGAA 
CCAAACAAAACCCA
TTTTTCA 
292 
 
AseI 209, 83 292 
 
 
Marker analysis was also carried out on DNA from the S. pennellii LA716 
introgression lines IL8-1, IL8-2 and IL8-3 in order to authenticate these lines for use 
in experiments to determine whether I-7 could potentially be allelic to Tfw. DNA 
markers U221657, c2_At2g35610 and c2_At4g21800 (Table 4.2) obtained from 
the SOL genomics website (primers sequences available in Appendix 2) were 
used in this analysis. Marker analysis targeting the I-7 gene was also carried out 
on the IL8 lines using the CAPS marker 7774 (forward primer 
AAGAAGTTCCCTTCTTCCCTTA; reverse primer GGAATAACCAAGGGGGTGTT). 
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All marker analysis was done using Phire Hot Start II DNA Polymerase (Thermo 
Fisher Scientific, Scoresby, Australia) following the manufacturer’s instructions. 
PCR analysis, restriction digestion and gel electrophoresis were carried out as 
described in Sections 3.2.3, 3.2.4 and 3.2.5, respectively. 
 
Table 4.2 DNA markers used to verify the S. pennellii LA716 introgressions in the IL8 lines.  
 
Marker cM* 
Product size bp 
Template 
Restriction 
Enzime 
Tristar M82 LA716 
U221657 13 EcoRV 700 700 500 +200 IL8-1 
C2_At2g35610 41.7 MspI ~300 ~300 200 +100 IL8-2 
C2_At4g21800 76.5 none 900 900 1400 IL8-3 
  
* Genetic distances in centiMorgans on the EXPEN 2000 map. 
 
 
4.3 Results 
 
4.3.1 Illumina RNA sequencing of root samples. 
 
To explore the resistant response conferred by I-7, the root transcriptomes of 
mock-inoculated and Fol race 3-inoculated Tristar (resistant) and M82 
(susceptible) seedlings were compared at 2 dpi. This time point was chosen 
based on the finding that two days after inoculation the hyphae of Fol race 3 
Avr3Pro:GFP transformants can be observed growing inside the plant root 
(Figure 2.6), suggesting that a plant defence response could have begun at this 
time. Total RNA samples comprising three independent biological replicates 
(experiments A, B and C) were prepared from roots that were either mock 
inoculated or inoculated with Fol race 3 and run on an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, California). The Bioanalyzer uses 
electrophoretic separation and spectrophotometry to determine RNA 
concentration and quality, the latter by the following measurements: a 28S:18S 
ribosomal RNA ratio, which for plants should be ~1.9; an RNA Integrity Number 
(RIN) ranging between 1 and 10, where 1 represents the most degraded profile 
and 10 the most intact (Mueller et al., 2004, Bolger et al., 2014); and 260/280 
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nm and 260/230 nm absorbance ratios to assess RNA purity. All samples were 
found to be of high quality (Table 4.3) and 5 µg of each sample was sent to The 
Ramaciotti Centre for cDNA synthesis, library preparation and Illumina 
sequencing. Five Fol race 3-inoculated M82 tomato plants from each 
experiment were kept for 21 days to confirm successful infection and after this 
time they all showed strong wilt symptoms. 
 
 
Table 4.3 Agilent 2100 Bioanalyzer data of RNA samples used for cDNA synthesis, 
library preparation and Illumina sequencing 
 
Experiment Treatment 
RNA 
ng/µl 
rRNA 
ratio 
(28s/18s) 
RIN* 
OD 
260/280 
ratio 
OD 
260/230 
ratio 
A 
Tristar Mock 560 1.8 9.5 2.1 2.2 
M82 Mock 1210 1.5 9.2 2.1 2.2 
Tristar Fol race 3 815 1.9 9.9 2.1 2.3 
M82 Fol race 3 1000 1.9 9.9 2.1 2.4 
B 
Tristar Mock 665 1.7 9.7 2.1 1.6 
M82 Mock 595 1.7 9.5 2.1 2.3 
Tristar Fol race 3 860 1.6 9.2 2.1 2.3 
M82 Fol race 3 750 1.4 9 2.1 2.3 
C 
Tristar Mock 690 1.9 10 2.1 2.2 
M82 Mock 525 1.9 10 2.1 2.2 
Tristar Fol race 3 900 1.8 10 2.1 2.1 
M82 Fol race 3 555 1.9 10 2.1 2.2 
 
*RIN: RNA Integrity Number 
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The number and length of sequencing reads generated for each of the 
samples was relatively comparable with, on average, approximately 50 million 
reads and an average read length of 101 bp (Table 4.4). After quality trimming 
the number of reads per sample was reduced by about 2% and the average 
read length was reduced to 97-98 bp (Table 4.4). 
 
4.3.2 SNP analysis of the RNA-seq data 
 
The quality trimmed RNA-seq reads from the three mock-inoculated Tristar and 
three mock-inoculated M82 samples were mapped against the tomato Heinz 
1706 reference transcriptome, using CLC Genomics Workbench 4.0. A similar 
number of reads from each cultivar aligned to the reference transcripts; 86.3% 
of Tristar reads and 86.6% of M82 reads (Table 4.4). The mapped data was then 
used for SNP analysis, which revealed a large number of SNPs in the root 
transcripts of both cultivars relative to the reference transcriptome; 55,201 SNPs 
for Tristar and 55,076 SNPs for M82. SNPs which were supported by at least 75% 
of the mapped reads were extracted; 30,069 SNPs for Tristar and 31,391 SNPs for 
M82. Then all SNPs that were common to Tristar and M82 were discarded. The 
remaining unique polymorphisms were used to calculate the SNP frequency in 
each transcript (number of SNPs per transcript / length of the transcript). Initially, 
transcripts with the highest frequency of SNPs were targeted for further analysis. 
SNP-based DNA marker analysis targeting 20 of the corresponding genes 
showed that these SNPs were not in fact real (Appendix 4 shows the results of 
DNA marker analysis carried out on five of these genes, as an example). Further 
investigation revealed that most of these genes belonged to multigene families 
and that the apparently high frequency of SNPs in these genes was mostly due 
to mapping errors. This result suggested that there was a degree of background 
noise in SNP detection that might need to be resolved using more stringent 
parameters, but ultimately this was not required. 
 
 
 Table 4.4 Illumina Sequencing, mapping and SNP analysis output 
Treatment 
Number of 
reads 
Average 
length 
Reads after 
trimming 
Average 
length after 
trimming 
Total 
number of 
reads per 
treatment  
Total 
number of 
reads after 
trimming per 
treatment  
Total 
number of 
sequences 
removed 
Mapping (%) 
Mapping 
Reads in 
pairs 
Mapping 
Broken 
Paired 
reads 
 Number 
of SNP 
against 
reference 
genome 
Tristar Mock  64,457,570 101 63,186,041 97.9 
173,051,524 169,618,280 3,433,244 
146,499,362 
(86.3%) 
136,311,994 7,504,088 55,201 Tristar Mock  60,608,136 101 59,450,519 98 
Tristar Mock 47,985,818 101 46,981,720 98 
Tristar Fol3  41,725,488 101 40,899,007 98 
135,116,254 132,394,434 2,721,820         Tristar Fol3  49,700,096 101 48,724,872 98 
Tristar Fol3  43,690,670 101 42,770,555 98 
M82 Mock 46,730,882 101 45,710,650 97.9 
155,595,324 152,245,615 3,349,709 
131,851,910 
(86.6%) 
122,521,270 6,828,277 55,076 M82 Mock  40,509,366 101 39,675,598 97.9 
M82 Mock  68,355,076 101 66,859,367 98 
M82 Fol3 47,920,198 101 46,955,092 97.9 
146,736,452 143,753,688 2,982,764         M82 Fol3 48,278,644 101 47,327,095 97 
M82 Fol3 50,537,610 101 49,471,501 98 
IL7-7 Fol3 156,653,590 101 153,848,232 99.3 
501,962,596 492,784,417 9,178,179         IL7-7 Fol3 171,965,736 101 168,620,314 99 
IL7-7 Fol3 173,343,270 101 170,315,871 99.3 
 
 
Taking a different approach, it was reasoned that Tristar transcripts from the 
introgressed S. pennellii DNA containing I-7 should possess an abundance of 
SNPs compared to corresponding transcripts from M82. To both visualise and 
verify this idea, an additional RNA-seq data set, obtained from the IL7-3 tomato 
line was used. The IL7-3 line (Figure 4.1) contains a defined introgression of S. 
pennellii DNA on chromosome 7 in the genetic background of S. lycopersicum 
cv. M82 (Eshed and Zamir, 1995). RNA samples from IL7-3 roots were sent for 
Illumina sequencing, along with the samples described in this project, as part of 
an I-3 characterisation project being carried out in parallel by Ann-Maree 
Catanzariti (Plant Disease Resistance Lab, Research School of Biology, 
Australian National University).  
 
 
 
 
 
 
Figure 4.1 SNP analysis of transcripts from the IL7-3 introgression line reveals the S. 
pennellii introgression carrying I-3 on chromosome 7. A. Graphic representation of the S. 
pennellii introgression (green region) on chromosome 7 in the IL7-3 line, showing the 
position of the markers TG143 and TG20 (blue triangles), which define the extent of the 
introgression. B. Plot of SNP frequency per nucleotide for IL7-3 (green dots) and M82 
(red dots) root transcripts relative to the chromosome 7 transcriptome. A large cluster of 
genes showing a higher frequency of SNPs can be seen between the markers TG143 
and TG20 (blue triangles), which define the extent of the introgression. Gaps in the plot 
correspond to genes that are not expressed in roots or to gene numbers for which no 
corresponding genes have been assigned. 
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The IL7-3 sequencing reads were mapped against the tomato reference 
transcriptome and analysed for SNPs as described above for the analysis of 
Tristar and M82 samples. In this case, only SNPs on chromosome 7 were 
analysed. Those common between IL7-3 and M82 were discarded and 
polymorphisms unique to each line were used to calculate the SNP frequency 
for each transcript. This data was then plotted as shown in Figure 4.1. The graph 
also shows the position of the two DNA markers, TG143 and TG20 that delimit 
the S. pennellii introgression in IL7-3. A large cluster of IL7-3 SNPs can be seen 
between these two markers, thus establishing a visual pattern that could be 
used as a precedent to look for the I-7 introgression in Tristar. 
 
The Tristar data was analysed in the same way, bearing in mind that the 
genome wide survey of this cultivar with CAPS and SCAR markers (Chapter 3) 
suggested that the S. pennellii introgression was likely to be much smaller than 
that in IL7-3. A plot of SNP frequency against gene position on each of the 
twelve tomato chromosomes revealed two clusters of Tristar genes with a 
higher frequency of SNPs on chromosomes 8 and 11 (Figures 4.2 and 4.3). Tristar 
carries the I-2 gene on an introgressed region derived from S. pimpinellifolium 
on chromosome 11 (see Section 3.3.1). Because the cluster found on Tristar 
chromosome 11 corresponded to the region where I-2 is located (Figure 4.2), it 
was concluded that I-7 was not present in this region. On the other hand, the 
small cluster found on chromosome 8 seemed promising and was studied in 
more detail. This cluster comprised genes from Solyc08g077520 to 
Solyc08g077800 (Figure 4.3). 
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Figure 4.2 SNP analysis of transcripts from Tristar reveals the S. pimpinellifolium 
introgression carrying I-2 on chromosome 11. A. Graphic representation of the Tomato-
EXPEN 2000 map of chromosome 11 showing the approximate location of the I-2 gene. 
B. Plot of SNP frequency per nucleotide for Tristar (blue dots) and M82 (red dots) root 
transcripts relative to the chromosome 11 transcriptome. A small cluster of genes 
showing a higher frequency of SNPs (oval) can be seen corresponding to the 
introgressed region in Tristar that carries the I-2 gene from S. pimpinellifolium. Gaps in the 
plot correspond to genes that are not expressed in roots or to numbers for which no 
corresponding genes have been assigned. 
 
 
 
Figure 4.3 SNP analysis of transcripts from Tristar reveals a small S. pennelli introgression 
on chromosome 8. Plot of SNP frequency per nucleotide for Tristar (blue dots) and M82 
(red dots) root transcripts relative to the chromosome 8 transcriptome, showing a small 
cluster of genes showing a higher frequency of SNPs (oval). Gaps in the plot correspond 
to genes that are not expressed in roots or to numbers for which no corresponding 
genes have been assigned. 
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4.3.3 CAPS marker analysis confirms the SNP data and reveals the 
chromosomal location of I-7. 
 
To confirm the SNP analysis, four different CAPS markers (Table 4.1) were 
designed to genes in the small SNP cluster found on chromosome 8. These were 
developed based on SNPS in the consensus sequences for the mapped Tristar 
and M82 RNA-seq reads, taking the Heinz 1706 genome sequence into account 
with respect to intron locations. PCR amplification with the four DNA markers 
generated the expected PCR product size with Tristar and M82 genomic DNA 
templates (Table 4.1). After digestion with the corresponding restriction enzymes, 
Tristar and M82 showed the expected digestion products confirming the SNPs 
and validating the SNP analysis data (Table 4.1). To determine if these 
polymorphisms were associated with the I-7 locus, marker analysis was 
performed on 20 homozygous resistant and 20 homozygous susceptible 
individuals from homozygous Tristar x M82 F3 and F4 lines. The results showed a 
strong correlation between digestion patterns and resistance or susceptibility 
(Figure 4.4 and 4.5), confirming linkage to the I-7 gene.  
 
From the CAPS marker analysis, six discrepancies were observed between 
marker genotypes and resistance scoring among the individuals from the 
mapping population. These were thought to be most likely due to incorrect 
scoring during the disease assays. For example, plants from lines 4-674, 4-698 
and 4-645 are heterozygous for markers Solyc08g077540 and Solyc08g077540 
(Figure 4.4 and 4.6), therefore it is presumed these lines are segregating for I-7 
but during the disease assay they were scored as homozygous resistant. To 
determine if these plants were in fact from segregating lines, additional plants 
from the 4-674, 4-698, 4-645, 4-694, 654-2 and 683-2 lines were grown. Genomic 
DNA was extracted from six individual plants from each line and analysis was 
done using the Solyc08g077730 CAPS marker (Table 4.1). The results showed 
that five of the six lines (4-674, 4-698, 4-645, 4-694 and 654-2) were indeed 
segregating (data for two lines is shown in Figure 4.6; data not shown for other 
three lines). On the other hand, analysis on the individuals from line 683-2 
(scored as susceptible) showed no evidence for segregation, because all six 
plants were homozygous for the Tristar genotype (Figure 4.6). The discrepancy 
with line 683-2 is addressed further in Chapter 5. 
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Figure 4.4 Marker analysis on individuals from a mapping population shows strong 
linkage between the Solyc08g077780 marker and the I-7 gene. Agarose (2%) gel 
electrophoresis showing marker analysis of Tristar x M82 F3 and F4 individuals with 
primers targeting Solyc08g077780. PCR amplification generates a 296 bp product with 
all genomic DNA templates (not shown), and after digestion with Tsp509I, Tristar shows 
digested products of 192 bp, 56 bp and 33 bp while M82 shows digested products of 
136 bp, 56 bp and 33 bp. The digested products from individuals scored as resistant 
correlate with the Tristar genotype, while the digested products from individuals scored 
as susceptible correlate with the M82 genotype. 
 
 
 
Figure 4.5 Marker analysis on individuals from a mapping population shows strong 
linkage between the Solyc08g077540 marker and the I-7 gene. Agarose (2%) gel 
electrophoresis showing marker analysis of Tristar x M82 F3 and F4 individuals with 
primers targeting Solyc08g077540. PCR amplification generates a 292 bp product with 
all genomic DNA templates (not shown), and after digestion with AseI, Tristar shows 
digested products of 209 bp and 83 bp while M82 shows an undigested product. The 
digested products from individuals scored as resistant correlate with the Tristar 
genotype, while the digested products from individuals scored as susceptible correlate 
with the M82 genotype. 
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Figure 4.6 Marker analysis revealed segregation for a marker in the I-7 region in lines 4-
674 and 654-2, but not 683-2. Agarose (2%) gel electrophoresis showing analysis on six 
individuals from Tristar x M82 lines 4-674, 654-2 and 683-2 using CAPS marker 
Solyc08g077730. PCR amplification generates a 246 bp product with all genomic DNA 
templates (not shown) and after digestion with HinfI, Tristar shows digested products of 
177 bp and 69 bp while M82 shows an undigested product.  
 
 
 
4.3.4 Analysis of the introgressed region carrying the I-7 gene in Tristar 
 
As the cluster of polymorphisms on chromosome 8 were confirmed and found 
to be linked to I-7, the genes in this region were examined more closely. The 
extent of the introgressed region was defined by root-expressed genes showing 
a high frequency of SNPs in Tristar but not in M82 relative to the reference 
transcriptome and by flanking root-expressed genes with no SNPs relative to the 
reference transcriptome (Table 4.5). Based on this analysis, the introgressed 
region encompasses genes Solyc08g077520 to Solyc08g077800. The 
introgression is about 210 kb and lies between the markers C2_At1g32410 and 
TG510 (Figure 4.7). 
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Figure 4.7 The I-7 gene is located in a small introgressed region on chromosome 8. A. 
Plot showing SNP frequency (Tristar as blue dots, M82 as red dots) of genes on 
chromosome 8. The SNP cluster corresponding to the introgressed region in Tristar that 
carries the I-7 gene is indicated by the blue shaded area. Orange triangles correspond 
to CAPS markers targeting genes Solyc08g077540 and Solyc08g077780 near opposite 
ends of the introgressed region; green triangles correspond to markers tested in the 
genomic survey (Chapter 3); and black triangles correspond to markers C2_At1g32410 
and TG510. B. Graphic representation of the Tomato-EXPEN 2000 map of chromosome 
8 showing the location of C2_At1g32410 and TG510 markers and the approximate 
location of the I-7 gene.  
 
 
 
Analysis of the Tristar RNA-seq data showed that eleven of the 29 predicted 
genes in the introgressed region were not expressed in roots, as determined by 
a read count of zero, or almost zero (Table 4.5). I-7 was expected to be 
expressed in roots because it acts in roots to limit Fol infections, so the 
annotations of the 18 root-expressed genes were examined for any members of 
the major classes of plant disease resistance genes. One gene, Solyc08g077740, 
was found to encode an extracellular-LRR receptor-like protein, and therefore, 
was the most likely I-7 candidate. This gene is the subject of the next two 
chapters. Of the remaining 17 root-expressed genes, 16 encode proteins with 
no apparent resemblance to known resistance proteins and one gene 
encodes a protein of unknown function. 
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Table 4.5  Genes present in the Tristar introgressed region and neighboring genes. The introgressed region encompasses genes Solyc08g077520 to 
Solyc08g077800,  genes which show a high frequency of SNPs in Tristar line. 
 
Gene 
SNP 
Frequency* 
Gene Description (SGN) 
Tristar Mapping Tristar RNA-Seq (RPKM) Tristar-Fol RNA-Seq (RPKM) 
Tristar M82 
Consensus 
length 
Total 
read 
count 
Average 
coverage 
1A 7B 13C means 4A 10B 16C means 
Solyc08g077410.2.1 #N/A #N/A 
Cytochrome C oxidase subunit 6b (AHRD V1*-
*- Q9FE02_ORYSJ) 
536 29 5.19 0.14 0.45 0.09 0.23 0.33 0.55 0.31 0.400 
Solyc08g077420.2.1 #N/A #N/A 
ATP dependent helicase (AHRD V1 **-* 
A8NEE6_COPC7) 
4473 14684 320.46 22.6 22.6 21.3 22.23 20.0 19.1 21.0 20.08 
Solyc08g077430.2.1 #N/A #N/A 
Glycine-rich protein (AHRD V1 ***- 
D7MQL9_ARALY) 
4669 15596 327.1 23.3 24.1 19.9 22.51 18.7 19.3 20.4 19.50 
Solyc08g077440.2.1 #N/A #N/A 
ATP-dependent protease La (AHRD V1 **** 
A7HC55_ANADF) 
3047 18533 597.47 38.5 50.4 35.6 41.53 37.6 45.4 33.8 38.97 
Solyc08g077450.2.1 #N/A #N/A 
Electron carrier/ iron ion binding protein 
(AHRD V1 ***- D7KIB9_ARALY) 
1406 2214 150.97 9.83 11.2 9.91 10.32 10.7 11.2 10.9 10.97 
Solyc08g077460.2.1 #N/A #N/A 
S-ribonuclease binding protein SBP1 
(Fragment) (AHRD V1 *--- Q9M5Q3_PETHY) 
1874 9612 495.27 35.0 34.9 35.5 35.20 28.3 35.7 38.2 34.12 
Solyc08g077470.2.1 
0.0043
73178 
0.0029
15452 
Reticulon-like protein B22 (AHRD V1 ***- 
RTNLT_ARATH) 
687 1838 251.8 14.1 13.1 14.5 13.94 10.6 11.1 12.5 11.43 
Solyc08g077480.2.1 #N/A #N/A 
Os04g0585900 protein (Fragment) (AHRD V1 *-
*- Q0JAP2_ORYSJ) 
868 1550 177.69 9.56 16.5 9.83 11.97 22.0 12.1 12.3 15.51 
Solyc08g077490.1.1 #N/A #N/A 
Vacuolar protein sorting-associated protein 
(AHRD V1 ***- C1GW28_PARBA) 
1972 1160 57.55 5.67 3.10 2.23 3.67 4.39 1.78 3.94 3.37 
Solyc08g077500.2.1 #N/A #N/A 
Vacuolar protein sorting-associated protein 
(AHRD V1 *-*- D3BBX0_POLPA) 
11445 14284 122.96 10.2 8.18 7.14 8.51 9.45 6.62 8.92 8.34 
Solyc08g077510.2.1 #N/A #N/A 
Poly(U)-specific endoribonuclease-A (AHRD 
V1 **** ENDUA_XENLA) 
1494 11529 758.2 44.0 62.4 48.2 51.57 46.3 52.0 42.5 47.01 
Solyc08g077520.2.1 0.0022 #N/A 
Centromere protein O (AHRD V1 *--- 
CENPO_CHICK) 
1375 2756 195.79 10.8 14.1 12.5 12.55 12.3 14.9 14.9 14.06 
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Gene Tristar M82 Gene Description (SGN) Consensus length 
Total 
read 
count 
Average 
coverage 
1A 7B 13C means 4A 10B 16C means 
Solyc08g077530.2.1 0.0068 #N/A Beta-amylase (AHRD V1 **** Q5F305_SOYBN) 2015 248 11.79 1.25 0.47 0.57 0.77 1.25 0.93 1.11 1.099 
Solyc08g077540.1.1 0.0094 #N/A Unknown Protein (AHRD V1) 213 251 111.31 2.51 3.65 4.08 3.42 2.22 3.03 3.16 2.79 
Solyc08g077550.2.1 0.0087 #N/A 
Novel plant SNARE 11 (AHRD V1 ***- 
B6TAD9_MAIZE) 
1148 5608 479.92 28.7 33.5 30.4 30.89 29.2 28.9 30.8 29.65 
Solyc08g077560.2.1 0.0053 #N/A 
ATP binding / serine-threonine kinase (AHRD 
V1 **** C5DB71_VITVI) 
1897 4472 232.76 12.8 4.59 45.7 21.03 4.11 32.3 3.54 13.33 
Solyc08g077570.1.1 #N/A #N/A 
Mutant required to maintain repression 1 
(AHRD V1 *-*- A8I437_MAIZE) 
0 0 0 0 0 0 0 0 0 0 0 
Solyc08g077580.1.1 #N/A #N/A 
Chromodomain-helicase-DNA-binding protein 
3 (AHRD V1 ***- CHD3_DROME) 
69 1 0.13 0 0 0 0 0 0 0 0 
Solyc08g077590.1.1 #N/A #N/A 
DNA repair and recombination protein RAD54 
(AHRD V1 **-- B0WI46_CULQU) 
0 0 0 0 0 0 0 0 0 0 0 
Solyc08g077600.1.1 #N/A #N/A 
DNA repair and recombination protein RAD54 
(AHRD V1 **-- B0WI46_CULQU) 
0 0 0 0 0 0 0 0 0.04 0 0.01 
Solyc08g077610.1.1 #N/A #N/A 
DNA repair protein (AHRD V1 **-- 
Q2ULH2_ASPOR) 
557 10 0.51 0 0.02 0.03 0.02 0 0 0 0 
Solyc08g077620.1.1 #N/A #N/A 
Guanine nucleotide-binding protein subunit 
beta (AHRD V1 **-* GBB_CRYPA) 
245 3 0.61 0 0 0 0 0 0 0 0 
Solyc08g077630.2.1 0.0023 #N/A 
ATP binding / serine-threonine kinase (AHRD 
V1 **** C5DB71_VITVI) 
1454 1950 111.24 0.13 0.02 0.27 0.14 0.03 0.26 0 0.09 
Solyc08g077640.1.1 #N/A #N/A Unknown Protein (AHRD V1) 0 0 0 0 0 0 0 0 0 0 0 
Solyc08g077650.1.1 #N/A #N/A 
DNA repair and recombination protein RAD54 
(AHRD V1 **-- Q7RVS3_NEUCR 
0 0 0 0 0 0 0 0 0 0 0 
Solyc08g077660.1.1 #N/A #N/A 
Mutant required to maintain repression 1 
(AHRD V1 **-- A8I434_MAIZE) 
0 0 0 0 0 0 0 0 0 0 0 
Solyc08g077670.1.1 #N/A #N/A 
DNA repair and recombination protein RAD54 
(AHRD V1 *--- C9SRD1_VERA1) 
101 1 0.07 0 0 0 0 0 0 0 0 
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Gene Tristar M82 Gene Description (SGN) Consensus length 
Total 
read 
count 
Average 
coverage 
1A 7B 13C means 4A 10B 16C means 
Solyc08g077680.2.1 0.0066 0.0004 
Kinase interacting protein 1-like (AHRD V1 *-*- 
Q9AS78_ORYSJ) 
2267 21444 930.4 48.9 32.5 
121.
26 
67.59 30.2 65.4 30.5 42.05 
Solyc08g077690.2.1 0.0093 #N/A 
Chromodomain helicase DNA binding protein 
5 (AHRD V1 **-- B1AK51_HUMAN) 
2372 2022 84.25 4.93 5.19 5.28 5.13 6.59 5.18 5.49 5.75 
Solyc08g077700.2.1 0.0005 #N/A 
Eukaryotic translation initiation factor 4 
gamma 1 (AHRD V1 *-*- A9QXE6_MESAU) 
5129 418 7.99 0.47 0.59 0.49 0.52 0.35 0.42 0.67 0.48 
Solyc08g077710.2.1 0.0114 #N/A 
60S ribosomal protein L37a (AHRD V1 ***- 
Q5GMM4_CAPCH) 
529 15343 2873.97 
119.
45 
162.
79 
162.
37 
148.20 
193.
53 
185.
01 
192.
36 
190.29 
Solyc08g077720.2.1 0.0250 #N/A 
60S ribosomal protein L37a (AHRD V1 ***- 
Q5GMM4_CAPCH) 
595 27920 4469.16 
171.
29 
221.
73 
210.
47 
201.17 
235.
79 
238.
98 
257.
97 
244.25 
Solyc08g077730.2.1 0.0089 #N/A 
1-phosphatidylinositol-4-phosphate 5-kinase-
like protein (AHRD V1 *--- Q67UY9_ORYSJ) 
2030 3940 190.45 14.0 14.1 9.12 12.45 13.3 9.78 15.9 13.02 
Solyc08g077740.1.
1 
0.0253 0.0024 
LRR receptor-like serine/threonine-protein 
kinase, RLP 
2880 1550 53.01 2.83 2.31 3.25 2.79 5.98 6.57 4.09 5.55 
Solyc08g077750.2.1 0.0071 #N/A Protein rai1 (AHRD V1 *--- C8V0J5_EMENI) 1977 6114 303.04 19.1 21.1 21.3 20.52 22.7 22.2 22.1 22.32 
Solyc08g077760.2.1 #N/A #N/A Unknown Protein (AHRD V1) 0 0 0 0 0 0 0 0 0 0 0 
Solyc08g077770.2.1 0.0089 #N/A 
Calcineurin B-like calcium binding protein 
(AHRD V1 **-* B2ZYT8_VICFA) 
1114 5054 449.22 28.6 28.9 28.9 28.81 30.6 29.2 28.9 29.55 
Solyc08g077780.2.1 0.0119 0.0013 
Serine/threonine protein kinase (AHRD V1 **** 
Q0PL87_CAMSI) 
1497 18927 1236.88 89.5 63.7 76.4 76.54 97.7 64.2 87.4 83.12 
Solyc08g077790.2.1 0.0126 #N/A 
Peptidyl-prolyl cis-trans isomerase-like 3 (AHRD 
V1 *-*- PPIL3_CHICK) 
1398 7061 486.25 29.8 31.9 30.3 30.67 29.3 32.7 32.8 31.59 
Solyc08g077800.2.1 0.0082 0.0003 
DNA repair endonuclease XPF (AHRD V1 **-* 
C1J9L6_LIZAU) 
3132 2434 76.43 5.33 5.19 4.70 5.08 5.04 4.95 6.15 5.38 
Solyc08g077810.1.1 #N/A #N/A 
Cationic amino acid transporter (AHRD V1 ***- 
B9HVV3_POPTR) 
687 795 112.86 6.79 5.36 5.59 5.91 2.92 5.41 5.95 4.76 
Solyc08g077820.2.1 #N/A #N/A 
Cationic amino acid transporter (AHRD V1 **** 
B9HVV3_POPTR) 
1798 3684 202.3 12.4 16.1 8.46 12.34 7.59 8.79 13.9 10.13 
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Gene Tristar M82 Gene Description (SGN) Consensus length 
Total 
read 
count 
Average 
coverage 
1A 7B 13C means 4A 10B 16C means 
Solyc08g077830.1.1 #N/A #N/A 
Deoxyhypusine hydroxylase (AHRD V1 **** 
D8THC0_VOLCA) 
1005 4029 387.89 23.3 24.7 22.0 23.31 26.3 24.2 28.5 26.32 
Solyc08g077840.2.1 #N/A 0.0008 
Cupin 2 conserved barrel domain protein 
(AHRD V1 **-- D7BFW1_MEISD) 
1248 924 69.41 4.32 4.93 4.85 4.69 6.80 5.22 5.00 5.69 
Solyc08g077850.1.1 #N/A 0.0002 
tRNA/rRNA methyltransferase SpoU family 
protein (AHRD V1 *-*- Q54XF8_DICDI) 
5490 5692 101.98 7.13 6.64 7.14 6.97 8.90 6.66 9.21 8.26 
Solyc08g077860.2.1 #N/A #N/A 
Subtilisin-like serine protease (AHRD V1 **-* 
Q948Q4_ARATH) 
1032 30 1.11 0.04 0.07 0.02 0.047 0.09 0.08 0.02 0.06 
Solyc08g077870.2.1 #N/A #N/A Unknown Protein (AHRD V1) 548 48 7.95 0.34 0.22 0.27 0.27 0.20 0.17 0.09 0.16 
Solyc08g077880.2.1 #N/A #N/A 
Light harvesting-like protein 3 (AHRD V1 **-- 
B9N2V9_POPTR) 
1186 3503 268.87 19.3 19.9 18.1 19.11 24.8 17.4 25.2 22.47 
Solyc08g077890.2.1 #N/A #N/A 
ATP-dependent Clp protease proteolytic 
subunit (AHRD V1 **** D7MC33_ARALY) 
1311 7914 590.29 36.5 44.1 40.5 40.37 43.3 45.4 44.0 44.27 
Solyc08g077900.2.1 #N/A #N/A 
Expansin-like protein (AHRD V1 ***- 
Q0WRS3_ARATH) 
983 1504 134.12 15.0 4.19 6.52 8.58 26.2 19.9 9.84 18.68 
               
#N/A = Value not available because there is no SNPs in relation to the reference transcriptome or gene is not expresses (when Total read Count=0, shown in yellow ) 
Non expressed genes 
             
Tristar Introgressed region 
             
*SNP Frequency in relation to reference transcriptome 
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4.3.5 The Tristar allele of Solyc08g077740 is a candidate for I-7 
 
The Solyc08g077740 gene is 2,883 bp long with no introns and is predicted to 
encode a LRR receptor-like protein (RLP). A CAPS marker targeting this gene 
was designed to corroborate the SNP analysis data. This marker designated 
CAPS 7774, was used on genomic DNA from the Tristar x M82 F3 and F4 
population. As with the markers to other genes in the introgressed region, CAPS 
7774 showed a good correlation between genotype and resistance or 
susceptibility to Fol race 3 (Figure 4.8). 
 
 
 
Figure 4.8. Marker analysis on individuals from a mapping population shows strong 
linkage between CAPS 7774 and I-7. Agarose (2%) gel electrophoresis showing marker 
analysis of Tristar x M82 F3 and F4 individuals with CAPS 7774. PCR amplification 
generates an 808 bp product with all genomic DNA templates (not shown), and after 
digestion with AgeI, Tristar shows digestion products of 612 bp and 196 bp while M82 
shows an undigested product. Samples marked with asterisks represent discrepancies 
most likely due to incorrect scoring of F3 or F4 lines as homozygous resistant or 
homozygous susceptible to Fol race 3.  
 
4.3.6 Investigating the possibility that the I-7 gene is allelic to Tfw 
 
Given that I-7 is located on chromosome 8, the tomato introgression lines, IL8-1, 
IL8-2 and IL8-3 (Eshed and Zamir, 1995) were used to try and address the 
possibility that I-7 might be allelic to the Tfw (Tolerance to fusarium wilt) gene 
also located on chromosome 8 (Bournival et al., 1989, 1990). The Tfw gene was 
identified in S. pennellii accession LA716 and the three IL8 lines each carry a 
single genetically defined segment of chromosome 8 from LA716 in the genetic 
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background of S. lycopersicum cv. M82 (Figure 4.9A). DNA markers U221657, 
c2_At2g35610 and c2_At4g21800 (Table 4.2 and Figure 4.9B) were used to test 
the authenticity of IL8-1, IL8-2 and IL8-3, respectively, prior to pathogen testing.  
 
 
 
Figure 4.9 Graphic representations of the S. pennellii introgressed DNAs on chromosome 
8 in the IL8 lines and approximate position of DNA markers. (A) Image taken from the 
IL8 map available at the SGN website http://solgenomics.net/. (B) Image taken from 
the Tomato EXPEN-2000 map SGN website http://solgenomics.net/), showing the 
approximate positions of the DNA markers U221657, c2_At2g35610 and c2_At4g21800 
(blue). 
 
 
Marker analysis on DNA samples from the three IL8 lines confirmed their identity 
with IL8-1, IL8-2 and IL8-3 showing the LA716 alleles of U221657, C2_At2g35610 
and C2_At4g2800, respectively (Figure 4.10). The IL8 lines were also analysed 
with CAPS marker 7774, which amplifies part of the candidate I-7 gene. Using 
this marker, Tristar DNA produces a PCR product that can be digested by AgeI 
yielding two products of 612 bp and 196 bp, whereas the M82 product is not 
digested by this enzyme (Figure 4.11). As expected, the IL8-1 and IL8-3 PCR 
products were not digested by AgeI, which confirmed that these lines contain 
M82 chromosome segments in this region (Figure 4.11). However, digestion of 
the IL8-2 PCR product revealed products of about 600 bp and 300 bp in 
addition to a minor undigested product (Figure 4.11). Although this is not the 
same polymorphism as that displayed by Tristar, it is consistent with the fact that 
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IL8-2 carries a chromosome segment from S. pennellii LA716 that overlaps the 
location of I-7. 
 
 
Figure 4.10 Marker analysis of the IL8-1, IL8-2 and IL8-3 introgression lines. (A) Agarose 
(2%) gel electrophoresis showing marker analysis with U221657 (A), C2_At2g35610 (B), 
and C2_At2g35610 (C). PCR amplification with U221657 primers generates a 700 bp 
product with all genomic DNA templates (not shown), but after digestion with EcoRV, 
M82 shows an uncut product while LA716 shows 500 bp and 200 bp digested products. 
PCR amplification with C2_At2g35610 primers generates a 300 bp product with all 
genomic DNA templates (not shown), but after digestion with MspI, M82 shows an 
undigested product while LA716 shows 200 bp and 100 bp digested products. PCR 
amplification with C2_At4g21800 primers generates a 900 bp product with M82 while 
LA716 shows a 1400 bp PCR product.  
 
 
 
 
 
Figure 4.11 Marker analysis on IL8 lines with primers targeting the candidate I-7 gene. 
PCR amplification generates an 808 bp product with all IL8 genomic DNA templates. 
After digestion with AgeI, Tristar shows products of 612 bp and 196 bp while M82 shows 
an undigested product. IL8-1 and IL8-3 show undigested products but IL8-2 shows 
products of about 600 bp and 300 bp in addition to a minor undigested product. 
Products were analysed by agarose (2%) gel electrophoresis. 
 
 
The IL8 lines were also tested for resistance to Fol race 3. For this assay, four-
week-old IL8-1, IL8-2 and IL8-3 plants were either mock inoculated or inoculated 
with Fol race 3. Three weeks later, Fol race 3-inoculated IL7-3 plants (resistant 
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control) showed no disease symptoms and had a disease score of 0. Fol race 3-
inoculated M82 plants (susceptible control) showed strong wilting symptoms, 
growth distortion and vascular browning. The average disease score for this 
group was 3.2 (Figures 4.12 and 4.13). All three IL8 lines inoculated with Fol 
showed strong wilting symptoms and vascular browning, while all mock-
inoculated plants were healthy (Figure 4.12). The average disease scores for the 
Fol race 3-inoculated plants were 3.8 for both the IL8-1 and IL8-3 lines, and 3.7 
for IL8-2. These scores were significantly higher than the average disease score 
for the resistant IL7-3 line (p = 0.0003), but not significantly higher from that of 
the susceptible M82 line (p = 0.27) (Figure 4.13). 
 
Although IL8-2 carries an S. pennellii chromosome segment encompassing the I-
7 locus, the IL8-2 line was susceptible to Fol race 3, suggesting that the LA716 
allele of I-7 does not confer resistance. The fact that plants from all three of the 
IL8 lines were more susceptible to Fol race 3 than the susceptible M82 cultivar 
indicates that Tfw could not be detected reliably under the conditions used in 
these disease assays and therefore the possibility of allelism between I-7 and 
Tfw could not be addressed further. 
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Figure 4.12 Disease assay with Fol race 3 on IL8, M82 and IL7-3 lines. Plants either mock 
inoculated or inoculated with Fol race 3 were photographed after 21 day. A. Control 
lines: IL7-3 (resistant), M82 (susceptible). B. Introgression lines: IL8-1, IL8-2 and IL8-3.  
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Figure 4.13 Disease scores of Fol race 3 inoculated plants of IL8, IL7-3 and M82 lines. 
Disease scores were determined three weeks after inoculation. n=10 plants with 
exception of IL7-3 where n=8.  
 
 
 
4.3.7 Differential expression analysis.  
 
The Illumina RNA sequencing data was used to try and identify genes 
responsive to Fol race 3 infection in resistant and susceptible tomato cultivars. 
Alignment of RNA-seq reads to the tomato transcriptome and differential 
expression analysis were carried out by the Genome Discovery Unit as 
described in Section 4.2.6. Significantly differentially-expressed genes between 
Fol race 3-inoculated and mock-inoculated plants were determined for both 
the resistant (Tristar) and susceptible (M82) cultivars. This analysis revealed, 68 
genes to be significantly differentially-expressed in Tristar, and 96 genes in M82. 
Among those genes, 31 were found to be differentially-expressed in both 
cultivars, and therefore represent common transcriptional responses (Figure 
4.14). Genes in these three groups were classified into up-regulated and down-
regulated genes, and their functions based on SGN annotation were used to 
identify those genes that may be related to plant defence responses. 
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Figure 4.14 Significantly differentially-expressed genes in the resistant (Tristar) and 
susceptible (M82) cultivars. 
 
 
 
Of most interest were the 37 differentially-expressed genes that were unique for 
Fol race 3-challenged Tristar, which represent gene expression changes due to 
an I-7-mediated resistance response. Within this group of differentially-
expressed genes, 34 were found to be up-regulated and only three were 
down-regulated (Table 4.6). The group of up-regulated genes included 33 
genes that are associated with defence responses or related to such genes. 
The remaining up-regulated gene was a gene encoding an Expansin-like B1 
(Solyc08g077910). Expansins acts as key endogenous regulators of plant cell 
enlargement through their role in cell wall loosening (Cosgrove, 2000). The 
group of 33 up-regulated genes that play a role in defence included 15 genes 
encoding pathogenesis-related (PR) proteins. Eight of the up-regulated genes 
were induced four-fold or more. Solyc09g091670 encoding an ABC (ATP-
binding cassette)-2 type transporter was induced more than ten-fold. 
Solyc03g019690 and Solyc03g098740, encoding Kunitz family protease inhibitor 
proteins, were induced around eight-fold. Solyc07g005380, encoding a PR-10-
related norcoclaurine synthase-like protein, was induced six-fold. 
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The proteins encoded by these up-regulated genes were analysed for the 
presence of a predicted signal peptide (using SignalP v4 available at 
http://www.cbs.dtu.dk/services/SignalP/) to determine which proteins were 
likely to be secreted and which were likely to be located in the cytosol 
(transmembrane proteins with significant extracellular and cytosolic domains 
were excluded). The theoretical isoelectric points (pI) of these proteins were 
also calculated (using the ExPasy ProtParam tool available at 
http://web.expasy.org/protparam/). The majority of the predicted secreted 
proteins (13/18) were basic and the majority of the predicted cytoslic proteins 
(10/15) were acidic (Table 4.7). The majority of the PR proteins that were 
predicted to be secreted (12/15) were basic proteins (8/12) (Table 4.7), 
consistent with proteomic analysis of PR proteins present in xylem sap from Fol-
infected resistant and susceptible tomato plants, which identified several basic 
PR proteins including NP24 (Rep et al., 2002). 
 
 
 
Table 4.6. Significantly differentially-expressed genes responsive to Fol infection that are unique for the resistant cultivar Tristar. Parameters for 
significance were a P value ≤0.05, logCPM>1 and, False Discovery Rate (FDR) ≤0.05. Counts per million is calculated as Normalised CPM. 
 
Transcript* 
Identification 
Fold 
change 
logCPM PValue FDR Description 
Role in 
defence 
response? 
Solyc09g091670.2 10.53 3.47 4.0923E-11 1.0764E-07 
ABC (ATP-binding cassette)-2 type transporter, 
pleiotropic drug resistance (PDR) protein 1 
YES 
Solyc03g019690.1 8.98 2.51 0.0001 0.0447 Kunitz- type protease inhibitor protein YES 
Solyc03g098740.1 7.76 2.97 3.5534E-06 0.0025 Kunitz trypsin and protease inhibitor protein YES 
Solyc07g005380.2 6.11 2.82 6.047E-05 0.0274 
Pathogenesis-related (PR)-10-related norcoclaurine 
synthase-like protein  
YES 
Solyc03g096540.2 4.76 6.12 2.5938E-08 3.2489E-05 
Wound/stress protein lipooxygenase, LH2 family 
protein 
YES 
Solyc08g079910.1 4.60 4.85 2.4837E-05 0.0136 Subtilisin-like protease  YES 
Solyc04g054950.2 4.04 3.19 7.0402E-05 0.0309 Tropinone reductase I YES 
Solyc10g079860.1 4.03 5.15 1.5959E-10 3.2292E-07 β-1,3-glucanase 1 YES 
Solyc07g054780.1 3.68 3.43 7.8803E-05 0.0329 Wound-responsive family protein YES 
Solyc01g060020.2 3.63 7.95 6.8366E-07 0.0006 β -1,3-glucanase 1 YES 
Solyc02g038740.2 3.59 4.93 6.9589E-10 1.1441E-06 3-hydroxy-3-methylglutaryl coenzyme A reductase YES 
Solyc03g096550.2 3.27 5.91 7.3926E-06 0.0049 
Wound/stress protein lipooxygenase, LH2 family 
protein 
YES 
Solyc11g069640.1 3.22 3.57 6.7542E-05 0.0301 Alpha carbonic anhydrase 7 YES 
Solyc09g011550.2 3.18 3.60 4.3779E-05 0.0209 Glutathione S-transferase-like protein YES 
Solyc11g011180.1 3.09 3.61 9.1406E-05 0.0364 
Receptor like protein 15 (Leucine-rich repeat receptor 
protein kinase EXS) 
YES 
Solyc02g061770.2 3.01 4.17 2.4075E-05 0.0135 Basic chitinase YES 
Solyc01g097270.2 2.94 6.40 5.5960E-09 7.3599E-06 Pathogen-induced protein, pathogenesis-related 4 YES 
Solyc01g106620.2 2.90 6.87 4.2491E-07 0.0004 Basic pathogenesis-related protein 1 YES 
Solyc03g116700.2 2.78 4.69 8.9899E-07 0.0007 Blue-copper-binding protein Plastocyanin-like YES 
 
   113 
Transcript 
Identification 
Fold 
change 
logCPM PValue FDR Description 
Role in 
defence 
response? 
Solyc10g055820.1 2.69 4.60 1.1698E-05 0.0069 Basic chitinase YES 
Solyc05g021390.2 2.66 6.51 5.0563E-05 0.0238 
Cytochrome P450, family 716, subfamily A, 
polypeptide 1 
YES 
Solyc02g087070.2 2.64 5.07 3.2812E-07 0.0003 Peroxidase superfamily protein YES 
Solyc05g053610.2 2.64 7.54 1.0097E-05 0.0062 Pleiotropic drug resistance 12 YES 
Solyc08g077910.2 2.64 4.58 8.6709E-06 0.0056 Expansin-like B1 NO 
Solyc07g062480.1 2.63 4.19 3.0321E-05 0.0159 Curculin-like (mannose-binding) lectin family protein YES 
Solyc04g064880.2 2.61 5.69 3.5241E-05 0.0182 Pathogen-related family protein YES 
Solyc10g055800.1 2.35 8.32 7.5666E-06 0.0049 Basic chitinase YES 
Solyc01g107080.2 2.20 4.69 4.3803E-05 0.0209 Hydroxycinnamoyl transferase  YES 
Solyc01g103650.2 2.16 6.27 6.4392E-06 0.0045 Alpha/beta-Hydrolases superfamily protein YES 
Solyc01g105070.2 2.16 8.08 0.0001 0.0447 Peroxidase superfamily protein YES 
Solyc04g071890.2 2.07 8.34 5.5655E-05 0.0259 Peroxidase superfamily protein YES 
Solyc09g075820.2 2.04 5.36 7.5009E-05 0.0323 Major facilitator superfamily protein YES 
Solyc08g080640.1 2.03 7.71 0.0001 0.0400 NP24 osmotin-like protein YES 
Solyc08g067610.2 2.02 7.22 1.2395E-05 0.0072 Pleiotropic drug resistance 12 YES 
Solyc01g067870.2 0.43 5.10 9.0448E-05 0.0364 Peroxidase superfamily protein. Peroxidase 24 YES 
Solyc01g005860.2 0.38 4.63 2.4359E-06 0.0018 Unknown Protein  Unknown 
Solyc04g081130.1 0.37 3.97 9.0339E-05 0.0364 Glyoxal oxidase-related protein, N-terminal  YES 
       
Key: Up    Classified as PR proteins  
 Down    Not classified as PR proteins  
 
*   Transcript colour coding indicates transcripts encoded by genes clustered at one chromosomal location. 
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Table 4.7. Signal peptide and pI predictions for proteins encoded by the 33 up-regulated genes in Tristar that are associated with defence responses or 
related to such genes. 
 
Transcript 
Identification 
Description 
Secreted 
protein* 
Theoretical 
pI** 
 
Solyc07g054780.1 Wound-responsive family protein yes 9.8 but weak SignalP prediction 
Solyc07g062480.1 Curculin-like (mannose-binding) lectin family protein yes 9.57  
Solyc10g079860.1 β-1,3-glucanase 1 yes 9.5  
Solyc05g021390.2 Cytochrome P450, family 716, subfamily A, polypeptide 1 no 9.08 membrane anchored 
Solyc09g075820.2 Major facilitator superfamily protein no 9.03  
Solyc11g069640.1 alpha carbonic anhydrase 7 yes 8.73  
Solyc08g077910.2 expansin-like B1 yes 8.71  
Solyc09g091670.2 
ABC (ATP-binding cassette)-2 type transporter, pleiotropic drug 
resistance (PDR) protein 1 
yes 8.57 
 
Solyc01g106620.2 Basic pathogenesis-related protein 1 yes 8.57  
Solyc10g055800.1 Basic chitinase yes 8.55  
Solyc01g060020.2 β-1,3-glucanase yes 8.5  
Solyc02g061770.2 Basic chitinase yes 8.45  
Solyc01g103650.2 Alpha/beta-Hydrolases superfamily protein no 8.43  
Solyc08g080640.1 NP24 osmotin-like protein yes 8.33  
Solyc01g097270.2 Pathogen-induced protein, pathogenesis-related 4 yes 8.22  
Solyc03g098740.1 Kunitz family trypsin and protease inhibitor protein yes 7.8  
Solyc01g105070.2 Peroxidase superfamily protein no 7.55 very weak SignalP prediction 
Solyc05g053610.2 Pleiotropic drug resistance 12 no 7.02  
Solyc03g019690.1 Kunitz family trypsin and protease inhibitor protein yes 6.97  
Solyc04g071890.2 Peroxidase superfamily protein yes 6.5  
Solyc04g064880.2 Pathogen-related family protein no 6.47  
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Transcript 
Identification 
Description 
Secreted 
protein* 
Theoretical 
pI**  
Solyc08g067610.2 Pleiotropic drug resistance 12 no 6.42  
Solyc02g038740.2 3-hydroxy-3-methylglutaryl coenzyme A reductase no 6.38  
Solyc02g087070.2 Peroxidase superfamily protein no 6.37  
Solyc10g055820.1 Basic chitinase yes 6.32  
Solyc01g107080.2 Hydroxycinnamoyl transferase no 6.03  
Solyc08g079910.1 Subtilisin-like protease yes 5.58  
Solyc09g011550.2 Glutathione S-transferase-like protein no 5.45  
Solyc04g054950.2 Tropinone reductase I no 5.31  
Solyc07g005380.2 
Pathogenesis-related (PR)-10-related norcoclaurine synthase-
like protein 
no 5.23 
 
 
Solyc03g096540.2 Lipase/lipooxygenase, PLAT/LH2 family protein no 5.08 Membrane associated/anchored  
Solyc03g116700.2 blue-copper-binding protein yes 4.83 
Acidic residues required for Cu++ 
binding? 
Solyc03g096550.2 Lipase/lipooxygenase, PLAT/LH2 family protein no 4.68 Membrane associated/anchored 
! !    
Key: Classified as PR proteins Secreted Basic  
! Not classified as PR proteins 
Non-
secreted 
Neutral 
 
! ! ! Acidic  
 
*    Secreted protein predictions were based on signal peptide predictions carried out at http://www.cbs.dtu.dk/services/SignalP/ 
** The theoretical isoelectric point (pI) was caluclated using the ProtParam tool at http://web.expasy.org/protparam/ excluding signal peptide 
sequences on proteins predicted to have signal peptides. 
 
N.B. Proteins predicted to be transmembrane proteins were excluded from this analysis
The expression of the three down-regulated genes changed by at least two-
fold. These genes comprised a gene of unknown function (Solyc01g005860.2), 
and, surprisingly, genes encoding a peroxidase 24 and a glyoxal oxidase-
related protein. Both peroxidase- and glyoxal oxidase-related proteins have 
been reported to play a role in pathogen resistance (Zhou et al., 2007). The 
PER24 (peroxidase 24) gene from Arabidopsis has a role in the removal of H2O2, 
oxidation of toxic reductants, biosynthesis and degradation of lignin, 
suberization, auxin catabolism, but also in the response to environmental 
stresses such as wounding, pathogen attack and oxidative stress (Tognolli et al., 
2002, Parniske et al., 1997). Glyoxal oxidases catalyse the oxidation of 
aldehydes to carboxylic acids, coupled with reduction of dioxygen to 
hydrogen peroxide. The grapevine glyoxal oxidase-related gene, GLOXrg, has 
been reported to play a crucial role in the resistance to Uncinula necator of 
Chinese wild Vitis species by supplying and regulating H2O2 for the 
establishment of a defence mechanism (Zhou et al., 2007). 
 
The majority (26) of the 31 genes differentially-expressed in both Fol race 3 
inoculated Tristar and M82 were up-regulated and of these the majority (23) 
were members of multigene families with members known to play a role in 
plant defence (Table 4.8). None of the up- or down-regulated genes belonged 
to recognised PR gene famiies with the exception of two up-regulated basic 
chitinase (PR-2) genes. Interestingly, several clusters of paralogous genes were 
up-regulated; three terpene synthase genes on chromosome 1, two basic 
chitinase genes on chromosome 7, three MLP-like protein genes on 
chromosome 9, two cupredoxin genes on chromosome 1, and four fatty acid 
desaturase genes on chromosome 12 (plus one at a different location on 
chromosome 12 and another on chromosome 4) (Table 4.8). Four cytochrome 
P450 genes at different locations were also up-regulated (Table 4.8). Thus six 
gene families accounted for 20 of the 26 up-regulated genes. This included 
terpene synthase genes which comprised three of the four most highly up-
regulated genes and, along with three other genes, were more highly up-
regulated than any of the genes up-regulated in Fol race 3-challenged Tristar 
alone (Tables 4.6 and 4.8). Up-regulation of terpene synathases is perhaps 
consistent with an attempt by the plant to repel the pathogen through the 
production of sesquiterpene antimicrobial compounds.  
 
Table 4.8. Significantly differentially-expressed genes responsive to Fol infection that are common for Tristar (A) and M82 (B). Parameters for 
significance were a P value ≤0.05, logCPM>1 and, False Discovery Rate (FDR) ≤0.05. Counts per million is calculated as Normalised CPM. 
A 
Transcript* 
Identification 
Tristar 
Description** 
Role in 
defence 
response? 
Fold 
change 
logCPM P Value FDR 
Solyc01g101180.2 30.93 3.22 5.4371E-12 1.8609E-08 Terpene synthase 21 YES 
Solyc01g101190.2 26.77 3.99 7.9765E-18 2.0982E-13 Terpene synthase 21 YES 
Solyc01g090980.1 25.95 2.98 4.5647E-09 6.3195E-06 Unknown Protein Unknown 
Solyc01g101170.2 23.45 3.18 2.0663E-11 6.0393E-08 Terpene synthase 21 YES 
Solyc06g066230.2 19.32 2.74 2.2111E-07 0.0002 Cytochrome P450, family 71, subfamily B, polypeptide 34 YES 
Solyc01g005500.2 11.40 3.05 6.9175E-08 7.8636E-05 NAD(P)-binding Rossmann-fold superfamily protein YES 
Solyc04g083140.1 9.69 4.13 9.9925E-15 8.7615E-11 Cytochrome P450, family 71, subfamily B, polypeptide 35 YES 
Solyc12g049030.1 7.60 3.16 4.5933E-07 0.0004 Fatty acid desaturase 2 YES 
Solyc07g009510.1 7.33 4.66 2.8766E-09 4.2037E-06 Basic chitinase YES 
Solyc07g041500.2 6.41 3.44 3.5553E-07 0.0003 Cytochrome P450, family 72, subfamily A, polypeptide 15 YES 
Solyc09g090970.2 5.88 4.36 4.2569E-10 7.4649E-07 MLP-like protein 423 YES 
Solyc07g009500.1 5.86 6.46 5.8355E-11 1.2791E-07 Basic chitinase YES 
Solyc03g112030.1 5.04 3.64 6.0754E-08 7.2639E-05 Cytochrome P450, family 71, subfamily A, polypeptide 25 YES 
Solyc02g065090.2 4.97 4.31 9.2160E-10 1.4259E-06 Phospholipase A 2A YES 
Solyc04g040130.1 4.74 5.81 6.6617E-14 4.3807E-10 Fatty acid desaturase 2 YES 
Solyc09g091000.2 4.40 8.21 7.7404E-15 8.7615E-11 MLP-like protein 423 YES 
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Transcript* 
Identification 
Fold 
change 
logCPM P Value FDR Description** 
Role in 
defence 
response? 
Solyc01g108360.2 4.15 5.22 4.6289E-12 1.8609E-08 Cupredoxin superfamily protein YES 
Solyc12g100260.1 4.05 5.83 3.0282E-13 1.5931E-09 Fatty acid desaturase 2 YES 
Solyc01g108350.2 3.69 5.86 1.7453E-10 3.2791E-07 Cupredoxin superfamily protein YES 
Solyc12g100240.1 3.59 5.20 5.6596E-12 1.8609E-08 Fatty acid desaturase 2 YES 
Solyc09g011620.1 3.53 3.36 9.2716E-05 0.0364 Glutathione S-transferase TAU 8 YES 
Solyc09g090990.2 2.86 8.51 4.8583E-11 1.1618E-07 MLP-like protein 423 YES 
Solyc12g100250.1 2.72 5.51 7.1748E-08 7.8636E-05 Fatty acid desaturase 2 YES 
Solyc12g006380.1 2.44 4.47 3.9007E-05 0.0197 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein 
NO 
Solyc01g102890.2 2.42 5.93 1.2587E-05 0.0072 RmlC-like cupins superfamily protein NO 
Solyc12g100270.1 2.34 7.64 1.2472E-07 0.0001 Fatty acid hydroxylase superfamily YES 
Solyc07g049460.2 0.50 6.10 0.0001 0.0421 Laccase 7 NO 
Solyc01g112190.2 0.45 4.68 2.6839E-05 0.0144 Plant regulator RWP-RK family protein NO 
Solyc12g049170.1 0.42 4.20 0.0001 0.0400 Hydroxyproline-rich glycoprotein family protein YES 
Solyc01g107220.2 0.40 4.90 3.9969E-05 0.0198 Unknown Protein (AHRD V1) Unknown 
Solyc12g100100.1 0.36 3.80 7.8697E-05 0.0329 Hydroxyproline-rich glycoprotein family protein YES 
       
Key: Up      
 Down      
*   Transcript colour coding indicates transcripts encoded by genes clustered at one chromosomal location. 
** Description colour coding indicates genes of related function. 
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B 
Note: For comparative purposes M82 transcripts are shown in the same order as Tristar transcripts even though their ranking differed in several cases 
Transcript* 
Identification 
M82 
Description** 
Role in 
defence 
response? 
Fold 
change 
logCPM P Value FDR 
Solyc01g101180.2 23.01 2.53 5.76676E-06 0.005610634 Terpene synthase 21 YES 
Solyc01g101190.2 26.52 3.22 1.74216E-08 5.08499E-05 Terpene synthase 21 YES 
Solyc01g090980.1 23.50 3.11 3.52639E-09 2.31587E-05 Unknown Protein Unknown 
Solyc01g101170.2 13.78 2.42 0.000106018 0.035293519 Terpene synthase 21 YES 
Solyc06g066230.2 22.95 2.41 9.87564E-05 0.034173204 Cytochrome P450, family 71, subfamily B, polypeptide 34 YES 
Solyc01g005500.2 6.26 2.90 1.95012E-05 0.011913447 NAD(P)-binding Rossmann-fold superfamily protein YES 
Solyc04g083140.1 4.02 3.46 8.75286E-05 0.032425024 Cytochrome P450, family 71, subfamily B, polypeptide 35 YES 
Solyc12g049030.1 4.09 3.27 4.11415E-05 0.01896046 Fatty acid desaturase 2 YES 
Solyc07g009510.1 6.00 4.40 3.09258E-11 8.12389E-07 Basic chitinase YES 
Solyc07g041500.2 9.27 3.40 7.78452E-07 0.001573012 Cytochrome P450, family 72, subfamily A, polypeptide 15 YES 
Solyc09g090970.2 4.72 4.15 4.4973E-07 0.000984497 MLP-like protein 423 YES 
Solyc07g009500.1 4.39 6.29 2.96693E-06 0.003542645 Basic chitinase YES 
Solyc03g112030.1 4.51 3.22 2.66065E-05 0.014263802 Cytochrome P450, family 71, subfamily A, polypeptide 25 YES 
Solyc02g065090.2 3.20 3.67 2.48856E-05 0.013908931 Phospholipase A 2A YES 
Solyc04g040130.1 2.27 6.09 1.86572E-06 0.002952422 Fatty acid desaturase 2 YES 
Solyc09g091000.2 2.88 8.15 9.34477E-06 0.007023089 MLP-like protein 423 YES 
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Transcript* 
Identification 
Fold 
change 
logCPM P Value FDR Description** 
Role in 
defence 
response? 
Solyc01g108360.2 2.72 4.37 0.000121035 0.038306827 Cupredoxin superfamily protein YES 
Solyc12g100260.1 2.83 5.90 1.81935E-09 1.59308E-05 Fatty acid desaturase 2 YES 
Solyc01g108350.2 2.91 5.07 1.42637E-05 0.009707541 Cupredoxin superfamily protein YES 
Solyc12g100240.1 2.63 5.29 5.49764E-09 2.43018E-05 Fatty acid desaturase 2 YES 
Solyc09g011620.1 3.28 3.43 0.000148333 0.04198645 Glutathione S-transferase TAU 8 YES 
Solyc09g090990.2 2.07 9.52 0.000128439 0.0388115 MLP-like protein 423 YES 
Solyc12g100250.1 1.98 5.49 7.95764E-06 0.006518445 Fatty acid desaturase 2 YES 
Solyc12g006380.1 2.66 4.34 1.11786E-05 0.008156961 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein 
NO 
Solyc01g102890.2 2.23 6.30 2.27714E-06 0.002952422 RmlC-like cupins superfamily protein NO 
Solyc12g100270.1 1.86 7.72 2.36023E-06 0.002952422 Fatty acid hydroxylase superfamily YES 
Solyc07g049460.2 0.55 6.36 3.81818E-05 0.017910667 Laccase 7 NO 
Solyc01g112190.2 0.42 5.20 5.32956E-05 0.023333689 Plant regulator RWP-RK family protein NO 
Solyc12g049170.1 0.39 4.32 6.04907E-05 0.025193064 Hydroxyproline-rich glycoprotein family protein YES 
Solyc01g107220.2 0.43 5.13 5.80296E-05 0.024773829 Unknown Protein (AHRD V1) Unknown 
Solyc12g100100.1 0.29 4.08 1.18959E-07 0.000312494 Hydroxyproline-rich glycoprotein family protein YES 
       
Key: Up      
 Down      
*   Transcript colour coding indicates transcripts encoded by genes clustered at one chromosomal location. 
** Description colour coding indicates genes of related function.
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Table 4.9. Significantly differentially-expressed genes responsive to Fol infection that are unique for the susceptible cultivar M82. Parameters for 
significance were a P value ≤0.05, logCPM>1 and, False Discovery Rate (FDR) ≤0.05. Counts per million is calculated as Normalised CPM. 
 
Transcript* 
Identification 
Fold 
change 
logCPM PValue FDR Description** 
Role in 
defence 
response? 
Solyc11g069700.1 3.07 5.07 2.0605E-06 0.0029 GTP binding Elongation factor Tu family protein NO 
Solyc08g078700.2 3.02 4.26 2.5945E-05 0.0142 Mitochondrion-localized small heat shock protein 23.6 YES 
Solyc00g282510.1 2.61 4.55 6.8083E-06 0.0062 PHE ammonia lyase 1 YES 
Solyc05g052520.2 2.34 4.70 0.0001 0.0419 Phosphatase 2C5 YES 
Solyc06g007190.2 2.30 5.36 8.7639E-05 0.0324 Protein phosphatase 2C family protein YES 
Solyc06g050760.1 1.92 6.00 3.5887E-05 0.0173 Senescence associated gene 20 YES 
Solyc01g104400.2 1.85 8.29 1.1844E-05 0.0084 Plantacyanin YES 
Solyc01g102910.2 1.82 6.33 9.3651E-05 0.0342 RmlC-like cupins superfamily protein NO 
Solyc06g007610.2 1.74 5.33 0.0001 0.0392 Lactoylglutathione lyase / glyoxalase I family protein YES (Abiotic) 
Solyc03g025270.2 1.50 8.29 6.2699E-05 0.0253 Fibrillarin 2 NO 
Solyc07g045440.1 0.67 8.77 0.0001 0.0398 FASCICLIN-like arabinogalactan 2 YES (Abiotic) 
Solyc08g008380.2 0.66 7.55 0.0001 0.0416 Auxin response factor 9 YES 
Solyc05g013440.2 0.66 8.04 0.0001 0.0409 Copper amine oxidase family protein YES 
Solyc02g030170.2 0.64 9.83 7.7623E-06 0.0065 Cell elongation protein / DWARF1 / DIMINUTO (Nekrasov et al.) NO 
Solyc10g005100.2 0.63 8.18 3.3045E-05 0.0170 Plasma-membrane associated cation-binding protein 1 NO 
Solyc01g108860.2 0.63 10.34 0.0001 0.0388 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein 
NO 
Solyc09g083400.2 0.61 7.29 0.0001 0.0360 TPX2 (targeting protein for Xklp2) protein family NO 
Solyc06g073320.2 0.61 6.87 6.34652E-05 0.0253 Mannose-1-phosphate guanylyltransferase (GDP)s NO 
Solyc04g071650.2 0.59 9.17 1.5341E-05 0.0098 Cellulose synthase 6 YES 
Solyc05g011970.2 0.58 8.53 0.0001 0.0353 Cytochrome P450 superfamily protein YES 
Solyc11g051160.1 0.58 9.06 4.6171E-06 0.0049 PATELLIN 2 YES 
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Transcript* 
Identification 
Fold 
change 
logCPM PValue FDR Description** 
Role in 
defence 
response? 
Solyc03g115690.1 0.58 5.54 0.0001 0.0360 Unknown Protein Unknown 
Solyc06g067860.2 0.57 6.65 0.0001 0.0345 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein 
NO 
Solyc06g068770.2 0.56 5.88 0.0002 0.0449 Exostosin family protein NO 
Solyc07g052540.2 0.56 7.01 6.0450E-06 0.0058 Peroxidase superfamily protein YES 
Solyc05g011940.2 0.56 6.21 3.6256E-05 0.0173 Cytochrome P450, family 709, subfamily B, polypeptide 1 YES 
Solyc07g045160.2 0.56 5.55 9.8498E-05 0.0342 Phosphofructokinase 3 NO 
Solyc08g075830.2 0.55 7.56 2.2549E-06 0.0029 Peroxidase superfamily protein YES 
Solyc04g081860.2 0.55 6.15 2.1412E-05 0.0122 Peroxidase superfamily protein YES 
Solyc02g093090.1 0.55 5.38 8.4051E-05 0.0319 Protein of unknown function (DUF579) Unknown 
Solyc07g052530.2 0.55 7.34 3.2509E-06 0.0037 Peroxidase superfamily protein YES 
Solyc03g096030.2 0.54 6.55 8.1887E-06 0.0065 Plant protein of unknown function (DUF828) Unknown 
Solyc07g042460.1 0.54 5.76 2.0284E-05 0.0121 Riboflavin synthase-like superfamily protein YES 
Solyc09g010940.2 0.54 7.11 3.0084E-05 0.0158 Haloacid dehalogenase-like hydrolase (HAD) superfamily protein NO 
Solyc10g039290.1 0.53 5.01 6.6306E-05 0.0259 Major facilitator superfamily protein YES 
Solyc11g010400.1 0.53 6.37 4.9194E-05 0.0223 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein 
NO 
Solyc08g081780.1 0.53 5.85 2.1086E-05 0.0122 Disease resistance-responsive (dirigent-like protein) family protein YES 
Solyc08g066650.2 0.52 5.75 9.8868E-05 0.0341 Carotenoid cleavage dioxygenase 8 YES 
Solyc12g006110.1 0.51 5.88 5.8471E-05 0.0248 FASCICLIN-like arabinogalactan 2 YES (Abiotic) 
Solyc01g104910.2 0.49 6.68 0.0001 0.0386 loricrin-related NO 
Solyc08g079430.2 0.49 5.63 4.8728E-06 0.0049 Copper amine oxidase family protein YES 
Solyc07g047740.2 0.48 7.33 9.3574E-06 0.0070 Peroxidase superfamily protein YES 
Solyc08g082870.2 0.47 5.28 1.4988E-05 0.0098 NAD(P)-binding Rossmann-fold superfamily protein YES 
Solyc05g047680.2 0.46 8.00 1.1134E-08 3.6559E-05 Cytochrome P450, family 78, subfamily A, polypeptide 6 YES 
   123 
Transcript* 
Identification 
Fold 
change 
logCPM PValue FDR Description** 
Role in 
defence 
response? 
Solyc07g049240.2 0.46 5.69 7.8469E-06 0.0065 Peroxidase superfamily protein YES 
Solyc12g094410.1 0.46 4.97 0.0001 0.0360 MAP kinase kinase kinase 88 YES 
Solyc12g017870.1 0.45 5.02 4.5891E-06 0.0049 Peroxidase superfamily protein YES 
Solyc09g075410.2 0.45 4.92 6.1379E-05 0.0252 Pollen Ole e 1 allergen and extensin family protein NO 
Solyc06g076330.2 0.43 5.12 1.7969E-07 0.0004 Laccase 2 NO 
Solyc05g054890.2 0.43 5.12 0.0002 0.0447 ABC-2 type transporter family protein YES 
Solyc12g049090.1 0.41 4.15 8.0273E-05 0.0310 Hydroxyproline-rich glycoprotein family protein YES 
Solyc12g100110.1 0.41 5.38 6.4758E-09 2.4302E-05 Hydroxyproline-rich glycoprotein family protein YES 
Solyc01g005850.1 0.41 4.91 5.0397E-05 0.0224 Extensin-like protein NO 
Solyc12g049150.1 0.40 4.48 3.5384E-05 0.0173 Hydroxyproline-rich glycoprotein family protein YES 
Solyc12g049070.1 0.39 4.45 1.7296E-05 0.0108 Hydroxyproline-rich glycoprotein family protein YES 
Solyc05g009590.2 0.39 5.07 0.0001 0.0388 Aluminum-activated malate transporter 9 YES 
Solyc12g098840.1 0.39 5.19 5.8459E-09 2.4302E-05 P-glycoprotein 11 NO 
Solyc06g007960.2 0.39 4.46 9.1598E-07 0.0017 O-methyltransferase 1 YES 
Solyc12g100080.1 0.38 4.68 1.9271E-06 0.0029 hydroxyproline-rich glycoprotein family protein YES 
Solyc12g100090.1 0.36 4.47 1.3933E-06 0.0024 hydroxyproline-rich glycoprotein family protein YES 
Solyc02g067190.2 0.36 3.62 0.0001 0.0491 Uncharacterised protein family (UPF0497) Unknown 
Solyc11g069940.1 0.36 3.85 3.4582E-05 0.0173 Thioredoxin superfamily protein YES 
Solyc06g064960.2 0.35 4.00 9.8329E-05 0.0342 GDSL-motif lipase 5 YES 
Solyc12g049160.1 0.32 3.74 1.4412E-05 0.0097 Hydroxyproline-rich glycoprotein family protein YES 
Solyc12g042980.1 0.31 4.79 1.2912E-10 1.6959E-06 2-oxoglutarate and Fe(II)-dependent oxygenase superfamily pro NO 
Key: up     !
 down     !
*   Transcript colour coding indicates transcripts encoded by genes clustered at one chromosomal location. 
** Description colour coding indicates genes of related function. 
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In contrast to these two groups of differentially-expressed genes, the majority 
(55) of the 65 genes differentially-expressed in Fol race 3-inoculated M82 alone 
were down-regulated and of these a reasonably large number (25) were 
members of multigene families not known to play a role in plant defence (Table 
4.9). None of the up- or down-regulated genes belonged to recognised PR 
gene families with the possible exception of several down-regulated 
peroxidase (possible PR-9) genes. The up-regulated genes unique to Fol race 3-
inoculated M82 did not show a very high induction (maximum of three-fold). 
This is much less than the genes up-regulated in either Fol race 3-challenged 
Tristar (47% > three-fold; maximum of ten-fold induction) or in both Fol race-3 
inoculated Tristar and M82 (80% > three-fold; maximum of 31-fold induction) 
(Tables 4.6, 4.8 and 4.9). 
 
4.4 Discussion  
 
4.4.1 I-7 location 
 
After an intensive but unproductive marker-based search to locate the S. 
pennellii introgression carrying I-7 (Chapter 3), Illumina next-generation 
sequencing and SNP analysis of root transcripts was used to identify the 
introgressed region. Sequencing of transcripts from mock-inoculated roots of 
Tristar and M82 allowed transcript SNP frequency to be plotted against gene 
position for each chromosome to look for SNP clusters unique to Tristar, with the 
assumption that genes with a higher SNP frequency would be associated with 
the introgressed S. pennellii DNA. This analysis revealed two SNP clusters on 
chromosomes 8 and 11 (Figures 4.3 and 4.4). The cluster of SNPs present on 
chromosome 11 corresponds to the S. pimpinellifolium introgression carrying the 
I-2 gene, which is present in Tristar and absent from M82 (Chapter 3). As a result, 
the focus of attention was then drawn to the SNP cluster on chromosome 8. 
 
The SNPs clustered on chromosome 8 were confirmed by marker analysis and 
found to be closely linked to I-7. The introgression carrying I-7 was defined by 
looking at the changes in SNP frequency up and downstream of this cluster, 
and found to encompass 29 genes, of which only 18 were expressed in roots. 
Among these, an orthologue of Solyc08g077740, encoding an extracellular LRR-
RLP, was identified as a strong candidate for I-7. In tomato, other LRR-RLPs have 
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already been reported to mediate resistance to fungal pathogens, such as the 
Cf proteins that mediate resistance to specific races of Cladosporium fulvum 
(Rivas and Thomas, 2005) and the Ve1 protein that mediates resistance to 
Verticillium dahliae (Kawchuk et al., 2001). The isolation of the Tristar and M82 
alleles of the candidate I-7 gene and their testing by transgenic 
complementation is the subject of the next chapter. 
 
There were several inherent difficulties in the localisation of I-7, incuding the fact 
that the genetic background of Tristar was not well defined and the 
introgressed region carrying I-7 was very small. However, these limitations were 
easily overcome by the use of Illumina RNA sequencing. Combining SNP 
analysis with gene expression data demostrates the strengh of RNA-seq as a 
tool in gene identification.  
 
4.4.2 Investigating the possibility of I-7 being allelic to the Tfw gene 
 
The localisation of I-7 to chromosome 8 raised the possibility that I-7 is allelic to 
the Tfw (Tolerance to Fusarium wilt) gene, which is also located on 
chromosome 8 (Bournival et al., 1989, 1990) and also confers resistance, to Fol 
race 1, 2 and 3 (albeit limited). The tomato introgression lines, IL8-1, IL8-2 and 
IL8-3 derived from S. pennellii accession LA716 were used to investigate this 
possibility because they contain defined introgressions that cover the entirety of 
S. pennellii chromosome 8, with Tfw believed to be present in IL8-2. However, all 
three of the IL8 lines were found to be highly susceptible to Fol race 3 (Figure 
4.13B). As a tolerance response could not be detected under the disease assay 
conditions used in this study, it was not possible to proceed with a test for 
allelism between I-7 and Tfw. 
 
Future experiments to address this issue should first focus on detecting a 
tolerance phenotype, perhaps by altering the infection conditions. To maintain 
the possibility of allelism it would be important to correlate a tolerance 
phenotype with the IL8-2 line. Then, to test if the two genes are allelic, IL8-2 
could be crossed to an I-7 line to produce a segregating mapping population. 
This population could then be tested with Fol race 3 to look for fully susceptible 
recombinants, which would suggest they are not allelic. The fact that CAPs 
marker 7774 targeting the candidate I-7 gene revealed a different banding 
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pattern for the S. pennellii LA716 allele compared to the Tristar (S. pennellii 
accession PI414773) allele is an advantage, because it would allow the 
segregation of the two alleles to be tracked and would allow for analysis of the 
I-7 locus in fully susceptible recombinants if they occurred. 
 
4.4.3 Identification of genes responsive to I-7-mediated resistance 
 
RNA sequencing was also used to identify genes responsive to I-7-mediated 
resistance in the tomato cultivar Tristar following inoculation with Fol race 3. Two 
dpi was chosen as the RNA sampling time point in an attempt to capture early 
plant responses to the fungus. Analysis of the RNA-seq data identified 37 
significantly differentially-expressed genes (34 up-regulated and 3 down-
regulated) that were unique to the resistant cultivar. However, the fact that 
such a small number of differentially-regulated genes was obtained might 
suggest that two dpi was too early for the identification of genes responsive to 
I-7 activation. Future studies could address this issue by targeting later time 
points. Plant pathogen studies targeting two time points have been conducted 
with favourable outcomes. For example, Zhu et al. (2013) examined 
transcriptional responses to Fusarium oxysporum infection in Arabidopsis at one 
and six dpi. These time points were chosen in order to capture broad disease 
responses in the plant and because wilt disease symptoms could be detected 
at six dpi. Interestingly, this study found that most of the up-regulated genes at 
the early stage of infection tended to remain up-regulated at the later stage, 
but this was not the case for down-regulated genes that tended to differ 
significantly. Even though the focus of this study was on elucidating plant 
responses to a compatible interaction in Arabidopsis, it would be interesting to 
look at tomato responses to Fol race 3 in both compatible and incompatible 
interactions to find differentially-expressed genes at both early and later points 
during the infection process. Given that the disease is slower to progress in 
tomato and no visible symptoms appear until around 10 dpi, some genes 
involved in defence responses may be expressed later than 2 dpi. However, Fol, 
like other hemibiotrophic fungi, combines an initial biotrophic phase with a 
subsequent necrotrophic phase in order to successfully infect and exploit the 
resources of its tomato host. In the initial biotrophic phase, Fol establishes a 
close association with the host and spreads through the plant without triggering 
plant defences. During this stage, the plant immune system and cell death are 
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actively suppressed. Later, during the necrotrophic phase, the pathogen can 
induce cell death and take up nutrients from the dead tissue (reviewed by 
Koeck et al. (2011). It is therefore likely that plant gene expression patterns and 
expression levels will also vary according to the trophic phase of the infection. 
This could be a fruitful area for further investigation in the future. 
 
The differential expression analysis conducted in this study identified 34 genes 
up-regulated by I-7 activation in the resistant cv. Tristar. Many of these up-
regulated genes belong to multigene families already known to include genes 
forming a part of the plant defence network. For example, the Solyc09g091670 
gene, which showed the greatest up-regulation in this study, encodes an ABC-2 
type transporter annotated as a pleiotropic drug resistance (PDR) protein 1 in 
Phytozome v1.9 (http://www.phytozome.net/, Table 4.6). The ABC super family 
is a large and diverse group of proteins, whose members mediate a wide range 
of transport functions. The ABC genes have been divided into several 
subfamilies based on phylogenetic pathways and structural features. One of 
the best-characterised subfamilies, found only in fungi and plants, is the 
pleiotropic drug resistance (PDR) subfamily, which has been implicated in plant 
defence. In Arabidopsis and rice, most of the PDR genes so far characterised 
are involved in responses to biotic stress probably by transporting antimicrobial 
secondary metabolites to the cell surface (Moons, 2003, Campbell et al., 2003, 
Stukkens et al., 2005, Crouzet et al., 2006). Tomato has at least 25 PDR genes, 
including PDR1 (Solyc09g091670) and its adjacent paralogue Solyc09g091660, 
as well as two other up-regulated genes Solyc05g053610 (one of a cluster of 
four PDR genes on chromosome 5) and Solyc08g067610 (one of two adjacent 
PDR genes on chromosome 8), but little is known about their function. However, 
the orthologous NpPDR1 gene from Nicotiana pumbaginifolia has been shown 
to encode a plasma membrane ATP-binding cassette-type transporter involved 
in antifungal terpenoid secretion and to be important for fungal resistance 
(Jasinski et al., 2001, Stukkens et al., 2005). Moreover, the orthologous NtPDR1 
gene from N. tabacum has been shown to be rapidly and strongly induced by 
various elicitors including the Phytophthora infestans elicitin INF1, fungal cell wall 
extracts and the PAMP flagellin (Sasabe et al., 2002). It is likely therefore that the 
tomato PDR1 gene plays a similar role in I-7-mediated defence again Fol. 
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Of the remaining 31 genes found to be significantly up-regulated in this study, 
many encode pathogenesis-related (PR) proteins, whose roles in plant defence 
responses have already been well documented (see reviews by Stintzi et al., 
1993; van Loon et al., 2006; Sels et al., 2008). These include:  
1) A gene encoding a basic PR-1 protein (Solyc01g106620, located in a cluster 
of four PR-1 genes on chromosome 1);  
2) Two PR-2 genes encoding β-1,3-glucanases (Solyc10g079860 and 
Solyc01g060020, with the latter located in a cluster of three glucanase genes 
on chromosome 1). β-1,3-glucanases are lytic enzymes that hydrolyze β-1,3 
glycosidic bonds in linear or branched glucans; and have a role limiting 
pathogen activity, growth and spread in plants (reviewed in van Loon et al., 
2006). The β-1,3-glucanase encoded by Solyc10g079860 corresponds to the PR-
Q’b protein originally described by Domingo et al. (1994) and detected by Rep 
et al. (2002) in xylem sap from Fol infected tomato plants;  
3) Three PR-3 genes encoding basic chitinases (Solyc02g061770; and 
Solyc10g055800 and Solyc10g055820 located in a cluster of four chitinase 
genes on chromosome 10). Chitinases are enzymes that catalyse the hydrolysis 
of β-1,4-N-acetyl-D-glucosamine linkages in chitin polymers. Chitinases 
belonging to gycosyl hydrolase family 19 are plant enzymes that function in 
defence against fungal pathogens by attacking their chitin-containing cell wall 
(Collinge et al., 1993); 
3) A PR-4 gene encoding a chitin-binding (perhaps chitinolytic) barwin (barley 
wound inducible) family protein (Solyc01g097270, one of three barwin family 
genes clustered together on chromosome 1);  
4) A PR-5 gene encoding the NP24 osmotin-like protein (Solyc08g080640, 
located in a cluster of eight osmotin-like genes on chromosome 8). Osmotins 
are abundant multifunctional proteins that act as osmoregulators and protect 
plants from pathogens (Abad et al., 1996, Yun et al., 1997). NP24 was originally 
described by King et al. (1988) as a gene induced in salt-stressed tomato roots. 
Osmotins may also have a role as components of signalling pathways 
regulating plant responses to biotic and abiotic stresses (Abdin et al., 2011); 
5) Two PR-6 genes encoding Kunitz family protease inhibitors (Solyc03g019690 
and Solyc03g09874, the latter located in a cluster of nine Kunitz family protease 
inhibitor genes on chromosome 3. Proteinase inhibitors had been found to be 
involved in many biochemical processes including defensive roles (Sels et al., 
2008). Most proteinase inhibitors, including those belonging to the Kunitz family, 
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and the tomato/potato inhibitor I, inhibit serine proteinases (Major and 
Constabel, 2008, Sels et al., 2008). Studies have shown that expression of 
Arabidopsis Kunitz trypsin inhibitor AtKTI1 is induced late in response to bacterial 
and fungal elicitors and to salicylic acid (Li et al., 2008). Also, RNAi silencing of 
the AtKTI1 gene resulted in enhanced lesion development after infiltration of 
leaf tissue with the eliciting fungal toxin fumonisin B1 or the avirulent bacterial 
pathogen Pseudomonas syringae pv. tomato DC3000 carrying avrB, whereas 
overexpression of AtKTI1 resulted in reduced lesion development (Li et al., 2008); 
6) A PR-7 gene encoding a P69 subtilisin-like protease (Solyc08g079910, located 
in a cluster of 17 P69 subtilisin-like protease genes on chromosome 8). In tomato, 
the subtilisin-like genes fall into five distinct subfamilies, with the P69 subfamily 
being the best characterised. P69B and P69C encode two closely related 
subtilisin-like proteases associated with the defence response. Studies have 
shown that P69B and P69C promoters are induced by salicylic acid as well as 
during the course of both a compatible and an incompatible interaction with 
Pseudomonas syringae (Jorda and Vera, 2000); 
7) Three PR-9 genes encoding peroxidases (Solyc02g087070; Solyc01g105070; 
and Solyc04g07189, one of two peroxidase genes clustered together on 
chromosome 4). Solyc04g07189 encodes a peroxidase with α-dioxygenase 
activity that catalyse the oxygenation of fatty acids to yield oxylipins that 
protect tomato roots against oxidative stress (Tirajoh et al., 2005); 
8) A PR-10 gene encoding a norcoclaurine synthase-like protein 
(Solyc07g005380, one of two genes clustered together on chromosome 7) The 
biological function of PR-10 proteins remains unclear (Fernandes et al., 2013). 
However, evidence that PR-10 proteins might be involved in general defence 
mechanisms comes from observations that some of them accumulate around 
sites of invasion by viruses, bacteria and fungi. Wound-inducible PR-10 proteins 
were differentially-expressed in response to cold-hardening and fungal 
infection in white pine Pinus monticola (Liu et al., 2003).  
 
PR proteins have been defined as proteins that are usually undetectable in 
healthy tissues but accumulate after infection by one or more pathogens (van 
Loon et al., 2006). Most PR proteins are considered to be antimicrobial defence 
proteins or enzymes acting directly on pathogens, but some may also act 
indirectly via the release of elicitor-active oligosaccharides (PR-2 and PR-3) or 
by catalysing cross-linking of macromolecules in the cell wall (Stintzi et al., 1993). 
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Although not formally classified as PR genes, some of the 16 remaining up-
regulated genes may perform a similar role and could perhaps qualify as PR 
genes. There is neither sufficient time nor space to review in detail the defence-
related functions of genes in the multigene families to which many of these up-
regulated genes belong. Therefore, only a few relevant roles of genes in the 
same family will be summarised, as follows: 
1) The adjacent Solyc03g096540 and Solyc03g096550 genes both encode 
lipoxygenases. Lipoxygenases are involved in a number of diverse aspects of 
plant physiology including growth and development, pest resistance, and 
senescence or responses to wounding. They are capable of breaking down the 
lipid component of membranes and lipoxygenase activity increases after 
inoculation with pathogens or treatment with elicitors. For example, a study 
showed that tomato plants injected with a non-specific glycoprotein elicitor 
and a specific elicitor preparation (intercellular fluids of tomato inoculated with 
C. fulvum) manifest higher levels of lipoxygenase activity after injection with 
either elicitor (Peever and Higgins, 1989); 
2) Solyc02g038740 encodes a 3-hydroxy-3-methylglutaryl coenzyme A 
reductase (HMGCoA reductase or HMGR). HMGR catalyses the conversion of 
3-hydroxy-3-methylglutaryl coenzyme A to mevalonic acid. Mevalonic acid is a 
precursor to all isoprenoid compounds, which in plants include antimicrobial 
terpenoid phytoalexins, toxic steroid glycoalkaloids, sterols, plant growth 
regulators, electron transfer carotenoids, and natural rubber. In potato, 
resistance to tuber soft rot by the bacterium Erwinia carotovora subsp. 
carotovora is correlated with isoprenoid biosynthesis and HMGR gene 
expression is induced by wounding, elicitors, or pathogen challenge (Yang et 
al., 1991); 
3) Solyc11g06964 encodes a carbonic anhydrase (CA). CAs catalyse the 
interconversion of carbon dioxide to bicarbonate (CO2 and HCO3−) and in at 
least one case can also binds salicylic acid (Slaymaker et al., 2002). Silencing of 
carbonic anhydrase gene expression in leaves of Nicotiana benthamiana 
suppresses Pto:avrPto-mediated HR, suggesting that carbonic anhydrase 
functions in plant defence, perhaps through antioxidant function (Slaymaker et 
al., 2002); 
4) Solyc09g011550 encodes a glutathione S-transferase (GST). GSTs catalyse the 
transfer of the tripeptide glutathione (γ-glutamyl-cysteinyl-glycine, GSH) to a co 
substrate molecule to assist in catalytic functions. GST/GST-like proteins are 
   131 
members of large multigene families with diverse roles in detoxification or 
mobilisation of the substrates they glutathionylate (Dixon et al., 2002). The GST-
like gene up-regulated in Fol race 3 challenged Tristar (Solyc09g011550) is one 
of 17 paralogues located on chromosome 9 of tomato (Solyc09g011490–
Solyc09g011650). Interestingly, ShGSTU1, an orthologue of Solyc09g011580 from 
the wild tomato Solanum habrochaites has been identified as a putative GST 
gene with a key role in resistance against powdery mildew in tomato (Pei et al., 
2011). Similarly, the potato Prp1-1 (Pathogenesis-response protein 1) gene is an 
orthologue of Solyc09g011580. Prp1-1 has been shown to encode a functional 
auxin-responsive glutathione S-transferase with a role in resistance against late 
blight caused by Phytophthora infestans (Hahn and Strittmatter, 1994, Nakane 
et al., 2003). Moreover, Solyc09g11630 encodes a GST protein (LeGST-T2) shown 
in yeast to protect against oxidative stress (Kilili et al., 2004). It therefore appears 
likely that Solyc09g011550 encodes a functional glutathione S-transferase with 
an important role in protecting tomato roots against the oxidative stress 
induced by the I-7-mediated plant defence response against Fol; 
5) Solyc03g116700, one of two genes clustered together on chromosome 3, 
encodes a Blue copper protein. These proteins are type-I copper-containing 
redox proteins whose role is to shuttle electrons from an electron donor to an 
electron acceptor in bacteria and plants. The cucumber basic proteins and 
stellacyanin are plant specific Blue copper proteins belonging to the 
phytocyanin subgroup (De Rienzo et al., 2000). Knowledge about cucumber 
basic proteins and stellacyanin is very limited, but studies support an unusual 
role for stellacyanin in primary plant defence by catalysing redox reactions with 
small compounds or lignin formation, rather than mediating electron transfer 
processes (Nersissian et al., 1998); 
6) Solyc05g021390 encodes a cytochrome P450. Plant cytochrome P450s are 
involved in several biosynthetic reactions, leading to various fatty acid 
conjugates, plant hormones or other secondary compounds including defence 
molecules (Bolwell et al., 1994). A recent study found, cytochrome P450 genes 
involved in jasmonic acid, indole glucosinolate, and camalexin biosynthesis 
pathways to be highly induced in Arabidopsis plants infected by F. oxysporum. 
More interestingly, new uncharacterised cytochrome P450 genes with a 
possible role in the response to F. oxysporum infection were reported in the 
same study (Zhu et al., 2013);  
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7) Solyc07g06248, one of two paralogous genes clustered together on 
chromosome 7, encodes a mannose-binding lectin (MBL). MBLs are crucial for 
plant defence signalling during pathogen attack by recognising specific 
carbohydrates on pathogen surfaces. As an example, the novel pepper 
(Capsicum annuum) MBL gene, CaMBL1, is strongly expressed and 
accumulates in pepper leaves during avirulent Xanthomonas campestris pv. 
vesicatoria (Xcvv) infection. Studies have suggested that CaMBL1 plays a key 
role in the regulation of plant cell death and defence responses through the 
induction of downstream defence-related genes and salicylic acid 
accumulation after the recognition of microbial pathogens (Hwang and 
Hwang, 2011);  
8) Solyc01g107080, one of three paralogous genes clustered together on 
chromosome 1, encodes a hydroxycinnamoyl-CoA quinate: hydroxycinnamoyl 
transferase (HQT). HQT synthesises chlorogenic acid (CGA), a phenolic 
antioxidant. Experiments with cDNA clones encoding HQT from tomato and 
tobacco showed that overexpression of HQT in tomato caused plants to 
accumulate higher levels of CGA and improved antioxidant capacity and 
resistance to Pseudomonas syringae var. tomato T1 infection (Niggeweg et al., 
2004);  
9) Solyc01g103650, one of three paralogous genes also clustered together on 
chromosome 1, encodes an alpha/beta-hydrolase. Alpha/beta-hydrolases 
hydrolyse epoxides into diols and are often expressed during stress responses 
(Chatonnet et al., 2012). A study looking to identify genes associated with 
tolerance to huanglongbing in citrus found alpha/beta-hydrolases up-
regulated in leaves from tolerant plants after infection with Candidatus 
Liberibacter asiaticus (Albrecht and Bowman, 2012);  
10) Solyc09g075820 encodes a Major facilitator superfamily (MFS) of 
transporters. MFS proteins are secondary carriers transporting small solutes in 
response to chemiosmotic ion gradients (Saier et al., 1998). Zm-mfs1, a 
defence-inducible maize gene, encodes a protein related to the major 
facilitator superfamily (MFS) of intregral membrane permeases and shares some 
similarities with bacterial multidrug transporters. Zm-mfs1 is the prototype for a 
new class of plant defence-related proteins that could be involved in either of 
three nonexclusive roles: export of antimicrobial compounds produced by 
plant pathogens; export of plant-generated antimicrobial compounds; and 
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potassium export and/or re-uptake, as can occur in plant defence reactions 
(Simmons et al., 2003).  
 
Although RNAseq is considered a very robust technique it would be desirable to 
validate these RNA-seq results by quantitative RT-PCR showing that the 
significantly differentially-expressed genes identified by the RNA-seq analysis 
are indeed differentially-expressed. In addition, the roles of the most highly up-
regulated genes in the defence response triggered by I-7, could be 
investigated by virus-induced gene silencing (VIGS) analysis although it is 
unlikely any one up-regulated gene would be essential for resistance. Some of 
the most highly-induced genes could also be chosen as reporters for I-7 
activation in qPCR or by generating promoter : reporter fusions. For example, 
the promoters of the ABC-2 type transporter (Solyc09g091670) or Kunitz 
protease inhibitors Solyc03g019690.1 and Solyc03g098740.1 or PR-10-related 
norcoclaurine synthase-like protein (Solyc07g005380.2) genes could be used in 
promoter : GUS (β-glucuronidase) or GFP reporter fusions. 
 
The fact that the number of up-regulated genes found in this study was very 
small may reflect an I-7-specific signal transduction pathway with only a small 
number of downstream response genes. It would therefore be interesting to see 
if any of the genes significantly up-regulated by I-7, are found also up-
regulated in roots as a response to Avr1, Avr2 or Avr3 in tomato plants carrying I, 
I-2 or I-3, respectively. This could be done in a RNA-seq experiment on tomato 
M82, LA3130 or IL7-3 roots inoculated with Fol races 1, 2 or 3, respectively.  
 
Many studies have been conducted in order to characterise the transcriptome 
response of various plants to various fungal pathogens including vascular wilt 
pathogens. An RNA-Seq experiment to study cotton transcriptome changes 4, 
12, 24 and 48 hours post V. dahliae inoculation of resistant plants (incompatible 
interaction between Gossypium barbadense cv. 7124 and V. dahliae V991) 
found that the number of differentially-expressed genes increased with time 
after inoculation (Xu et al., 2011). In contrast to the tomato/Fol results presented 
in this chapter, their study found more than 1000 up- and down-regulated 
genes at 2 dpi (Xu et al., 2011). Interestingly, some of the up-regulated genes 
were members of gene families that were also up-regulated in Tristar in 
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response to Fol race 3, including genes encoding LRR-RLKs, PR proteins, 
peroxidases and hydroxycinnamoyl transferases. 
 
Another RNA-seq study analysing the transcriptomic response to Fusarium 
oxysporum strain Fo5176 infection in Arabidopsis thaliana (ecotype Col-0) at 
one and six days post inoculation (Zhu et al., 2013) also identified up-regulated 
genes that were members of gene families also up-regulated in Tristar in 
response to Fol race 3, including genes encoding PR proteins, wound-
responsive family proteins, cytochrome P450s and LRR-RLKs.  
 
A proteomic study by Rep et al. (2002) identified the most abundant proteins 
appearing in the xylem sap during compatible or incompatible interactions on 
tomato plants inoculated with Fol (Rep et al., 2002). In their study, Fol races 1, 2 
and 3 were used to inoculate roots of tomato lines GCR161 (resistant to Fol race 
1) and C32 (susceptible to all Fol races). Interestingly, their results showed that 
colonisation of xylem vessels by Fol not only induced the secretion of otherwise 
leaf apoplastic PR proteins like PR-1a, PR-1b, and PR-2a; but also induced the 
secretion of novel PR proteins including PR-5x and a basic glucanase (Rep et al., 
2002). Some of the PR genes found to be up-regulated in Tristar in response to 
Fol race 3 that were also found in the xylem sap of Fol inoculated plants by Rep 
et al (2002) included chitinases, β-1,3-glucanases and the NP24 PR-5 protein.  
 
Sestili et al., (2011) identified genes that are differentially-expressed in melon 
after Fusarium oxysporum f. sp. melonis (Fom) infection. Their study, conducted 
using a cultivar (Charentais carrying the Fom-2 resistance gene) that is resistant 
to Fom race 1 but susceptible to Fom race 1,2, investigated the transcriptional 
response to Fom infection in both compatible and incompatible interactions. 
cDNA-AFLP analysis done at five time points (0, 2, 4, 8 and 21 dpi), showed 305 
melon transcript-derived fragments differentially-expressed in inoculated plants 
(Sestili et al., 2011). Interestingly, several transcripts involved in calcium signalling, 
transcription factors, kinases and a homologue of NDR1 (non race-specific 
disease resistance 1) were found to be up-regulated earlier or more strongly 
during in the incompatible interaction than the compatible (Sestili et al., 2011). 
Genes specifically up-regulated in the compatible interaction included 
catalase isozyme 3, auxin-responsive protein IAA and calmodulin. None of 
these up-regulated melon genes were found to have counterparts up-
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regulated in the Tristar-Fol race 3 interaction. However, genes up-regulated in 
both the compatible and incompatible melon-Fom interaction included 
members of the same gene families as some genes up-regulated the Tristar-Fol 
race 3 interaction, including genes encoding β-glucanases, glutathione S-
transferase, lipoxygenase, cytochrome P450 and alpha/beta-hydrolases. 
 
The findings reported in this chapter and in other studies (including many not 
mentioned here) show involvement of some members of the same gene 
families in either compatible and/or incompatible interactions in the tomato/Fol 
and other plant pathosystems. However, it is not usually possible to ascribe the 
same tissue specific distribution (e.g. leaf versus root tissues or xylem), sub-
cellular location (e.g. secreted, cytosolic or vacuolar), regulation (e.g. 
constitutive, up-regulated or down-regulated), physical properties (e.g. basic 
versus acidic), or function (e.g. cytochrome P450s catalyse the production of 
many different secondary compounds) to the proteins encoded by these 
genes. It would take an enormous amount of literature and laboratory-based 
research to refine our understanding of the individual genes involved, the 
proteins they encode, their function per se and their functional relationships to 
one another. An analysis of that depth is beyond the scope of this thesis, but it is 
nevertheless interesting to note a possible theme of secreted basic PR proteins 
emerging in vascular defence responses in tomato, which is contrary to the 
dogma of secreted acidic PR proteins and basic vacuolar PR proteins 
established for leaf defence responses, and also a possible role for terpenoid 
phytoalexins in tomato defence against Fol. 
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Chapter 5. Identification of the I-7 gene 
 
5.1 Introduction 
 
Chapter 4 described the use of Illumina next-generation RNA-seq experiments 
and SNP analysis to identify the S. pennellii introgressed region carrying I-7 in the 
Tristar line. This analysis pointed to the Tristar allele of Solyc08g077740, here 
designated Solyc08g077740Tristar, as the most likely candidate for I-7.  This 
chapter describes the isolation and cloning of the Tristar and M82 alleles of 
Solyc08g077740 and subsequent confirmation that Solyc08g077740Tristar is 
indeed I-7 by testing transformants of two susceptible tomato cultivars for 
resistance to Fusarium oxysporum f. sp. lycopersici (Fol) race 3. This chapter also 
characterises the predicted protein sequence encoded by the I-7 gene. 
 
5.2 Material and methods 
 
5.2.1 Ligation Independent cloning (LIC) of Solyc08g077740Tristar and 
Solyc08g077740M82 
 
5.2.1.1 PCR Amplification of Solyc08g077740Tristar and Solyc08g077740M82 
 
PCR Amplification of Solyc08g077740Tristar from Tristar and Solyc08g077740M82 
from M82 was done using primers that enabled the generation of cohesive 
ends compatible with the LIC vector. Forward primers contained the 15 
compatible bases necessary for annealing following T4 DNA polymerase 
treatment, plus a G that must be present to terminate the exonuclease action 
of the polymerase in the presence of dCTP, followed by 6 bases encoding a 
methionine that serves as a translation initiation site and a glycine, then the first 
25 bp of the gene sequence from the start codon. Similarly, the reverse primers 
contain 15 compatible bases plus a G, then the last 25 bp of the gene 
sequence including the stop codon. Primers were designed using 
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Solyc08g077740Tristar and Solyc08g077740M82 consensus sequences obtained 
from the RNA-seq transcript data. The primer sequences are shown below:  
 
LIC7774 Tristar forward actatttacaattacgatgggaATGGAGTACCAACAATTGCTAATAG 
LIC7774 Tristar reverse tcctctccaaattacgCTAATTCATTCTTACACCACGTCTT 
LIC7774 M82 forward actatttacaattacgatgggaATGGAGTACCAACAGTTGCTAATAG 
LIC7774 M82 reverse tcctctccaaattacgCTAATTCATGCTTAAACCACGTTTT. 
 
Lowercase letters indicate primer sequence required for LIC cloning. Upper case letters 
indicate Solyc08g077740 primer sequence. 
 
 
PCR amplification was done using iProof Polymerase (BioRad Laboratories, 
Hercules, CA, USA), following the manufacturer’s instructions. Genomic DNA (50 
ng) from Tristar and M82 plants was used as a template in each reaction. The 
PCR products obtained were cleaned using a Wizard Clean-Up Kit (Promega, 
Madison, USA) and DNA concentrations were determined using a Qubit 2.0 
Fluorometer (Invitrogen, Life Technologies, Carlsbad, CA, USA), following the 
manufacturer’s instructions. 
 
5.2.1.2 T4 DNA polymerase treatment of PCR products 
 
A minimum of 100 ng of each purified PCR product was treated with T4 DNA 
polymerase (NEB; Ipswich, Massachusetts, USA) in 1X Buffer 2 (NEB) and 2.5 mM 
dCTP at 22°C for 30 minutes. After treatment, samples were incubated for 20 
minutes at 75°C for inactivation of T4 DNA polymerase and then cooled at 4°C. 
This treatment produces overhangs complementary to the vector overhang via 
the 3’ to 5’ exonuclease activity of T4 DNA polymerase. In the presence of 
dCTP, the polymerase will replace cytosine nucleotides due to its polymerase 
activity, but will also remove them due to its exonulease activity, resulting in a 
constant cycle of removal and addition, which therefore defines the overhang.  
 
5.2.1.3 SnaBI digestion and T4 DNA polymerase treatment of pL2 vector 
 
The pL2 binary vector was developed by Laura Rolston (Plant Disease 
Resistance Lab, RSB, ANU) by modifying pCBJ352, which is a pGreenII, vector 
containing a kanamycin resistance gene, and 35S promoter and terminator 
sequences. The pL2 vector map and sequence are shown in Appendix 5. 
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To linearize the vector, 1 µg of pL2 was digested with SnaBI at 37°C for 3 hours. 
Next, linearized pL2 was purified using the Wizard Clean-Up Kit and plasmid 
DNA concentration was determined using a Qubit® 2.0 Fluorometer. To 
produce overhangs in pL2 complementary to the insert overhangs, pL2 was 
treated with T4 DNA polymerase in 1X Buffer 2 and 2.5 mM dGTP, at 22°C for 30 
minutes, followed by 20 minutes at 75°C and then cooled at 4°C. 
 
5.2.1.4 Insert and vector annealing 
 
T4 DNA polymerase treated PCR product (75 ng) and pL2 vector (50 ng) were 
annealed using a 3:1 insert to vector molar ratio. Annealing was done by mixing 
the vector and insert in a total volume of 10 µL with water and incubating at 
65°C for 1 minute, then 22°C for 20 minutes. The final constructs were 
designated pL2-Tristar (carrying Solyc08g077740Tristar) and pL2-M82 (carrying 
Solyc08g077740M82). 
 
5.2.1.5 Transformation of constructs into Escherichia coli and Agrobacterium 
tumefaciens competent cells 
 
E. coli Mach1 chemically competent cells were thawed on ice, mixed gently, 
then added to 5 µL of the annealing reaction and incubated for 30 minutes on 
ice. The cells were transformed by heat-shock by incubating the cell-DNA mix 
for 45 seconds at 42°C, then placing immediately on ice for 2 minutes. Next, 500 
µL of LB was added and the solution was transferred to a 2 mL microcentrifuge 
tube. Tubes were incubated at 37°C for 1 hour on a rotary shaker (200 rpm). 
After incubation, 150 µL of the cultures were plated on LBA with kanamycin (50 
µg/mL). The LBA plates were then incubated at 37°C overnight.  
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Transformants were confirmed by colony PCR using CAPS marker 7774 (see 
Section 4.3.7), then grown overnight in LB at 37°C on a rotary shaker (200 rpm). 
From the liquid culture, plasmids were extracted using an AccuPrep Plasmid 
Mini extraction kit (Bioneer, Daejeon, Republic of Korea) following the 
manufacturer’s instructions. Plasmids were checked by Sanger sequencing 
using the primers shown in Table 5.1. 
  
 
Table 5.1 Primers for sequencing of Solyc08g077740 alleles. Primers labelled with an 
asterisk (*) were also used for amplification of alleles before sequencing. 
 
Primer name Nucleotide Sequence 
7774seq1 GGACACGCTCGAGTATAAGAGC 
7774seq2 GGGAGATAATCCGTCG 
7774seq3 GGGGAATTGCCAAATGAGC 
7774seq4 GTAGAGAGAGACTGGTG 
7774seq6 GTGCCTGTTAACGACGGATT 
7774seq9 CCATTTCCTGAGTTACGAATC 
7774R2  TGAAGGAAAGGTCAAAGATTCG 
7774TrisR3 GGTATAAGAGAAGTCCAACTC 
7774F4  CCATTTCCTGAGTTACGAATC 
7774TNR2* TATggatccTCAAGTCGTGCGAATTTG 
7774TNF3* ATAggatccGGTTTATTTGCTAATTCA 
 
 
Plasmids were transformed into electro-competent Agrobacterium tumefaciens 
GV3101 (pMP90). Cells were thawed on ice and mixed gently by tapping. 
Approximately 100 ng of the pL2 construct was added along with 100 ng of 
pSoup (www.pgreen.ac.uk/JIT/pSoup.htm), which contains the RepA gene 
lacking in pGreen vectors and needed for their replication in Agrobacterium 
(Hellens et al., 2000). Cells were electroporated as described in Section 2.2.6. 
After incubation at 28°C, 200 µL of the culture was plated on LBA with 
kanamicyn 50 µg/mL (pL2-construct selection), tetracycline 10 µg/mL (pSoup 
selection), rifampicin 50 µg/mL and gentamycin 25 µg/mL then incubated at 
28°C for 48 hours. Transformants were screened by colony PCR using the CAPS 
marker 7774. Plasmids from positive A. tumefaciens transformants were 
extracted using an alkaline lysis plasmid DNA isolation protocol as described in 
Section 2.2.6. Following extraction, plasmids were transformed into 
electrocompetent E. coli Mach1 cells as described in Section 2.2.4, then two 
colonies were selected for plasmid extraction using an AccuPrep Plasmid Mini 
extraction kit. The fidelity of these plasmids were then confirmed by Sanger 
sequencing. 
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5.2.2 Tomato transformation  
 
5.2.2.1 Seed sterilization and germination 
 
Around 100 seeds were placed into a 50 mL centrifuge tube with 40 mL of 70% 
(v/v) ethanol and washed by inverting the tube for 1 minute. The seeds were 
rinsed with deionised water and then washed with 40 mL of 10% (v/v) 
household bleach by gently agitating for 10 minutes. Seeds were rinsed 4 times 
with deionised water then placed on germination medium containing 1x 
Murashige and Skoog Basal Salt mixture (MS salts; Sigma-Aldrich, St. Louis, MO, 
USA), 2% (w/v) sucrose, 3 mM MES (Sigma-Aldrich), 0.5% (w/v) Agargel (Sigma-
Aldrich), adjusted to pH 5.8 with 1 M KOH. Twenty-five seeds were used per 90 
mm diameter wide plastic pot. Seed pots were kept at 25°C in the dark for the 
first 3 days and then grown under a 16 hour day/8 hour night photoperiod.  
 
5.2.2.2 Preparation and pre-culture of explants 
 
Young seedlings with still expanding cotyledons but no true leaves were 
removed from the germination medium and placed in a Petri dish with 25 mL of 
liquid germination medium. Each cotyledon was cut, first at the tip, then in the 
middle, and finally near the petiole. The resulting explants were scooped out 
and blotted on sterile filter paper then placed adaxial side down on plates with 
pre-culture medium (1x MS salts, 3% w/v sucrose, 3 mM MES, 0.5% w/v Agargel, 
adjusted to pH 5.8 with 1 M KOH, and supplemented with 2 mg/L glycine, 1 
mg/L 6-benzylaminopurine, 1 mg/L α-naphthalene acetic acid and 1x B5 
vitamin mix containing: 1 mg/L nicotinic acid, 1 mg/L pyridoxine HCl, 10 mg/L 
thiamine HCl, and 100 mg/L myo-inositol). Fifty explants per plate were used. 
Plates we sealed with parafilm and kept in the dark at 25°C for 24 hours. 
 
5.2.2.3 Preparation of A. tumefaciens carrying the pL2-Tristar or pL2-M82 
construct 
 
Agrobacterium strains were grown in 15 mL of liquid LB containing the 
appropriate antibiotics and 200 µM acetosyringone overnight at 28°C in a 
shaking incubator (200 rpm). The next day, culture densities were measured at 
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OD600 then diluted to an OD600 of 0.2 in 25 mL of liquid LB with 200 µM 
acetosyringone, and incubated at 28°C on a shaker until an OD600 of 0.6 was 
reached. Cells were harvested by centrifuging for 10 minutes at 3000 x g, then 
resuspended to an OD600 of 0.4 in liquid germination medium with 200 µM 
acetosyringone. 
 
5.2.2.4 Plant transformation  
 
Explants were removed from the pre-culture plate and submersed in the 
Agrobacterium suspension for 20 minutes. Explants were scooped out and 
blotted onto sterile filter paper and then placed adaxial side down onto fresh 
pre-culture plates. Plates were sealed with parafilm and kept in the dark at 
25°C for 48 hours.  
 
5.2.2.5 Selection and Regeneration 
 
Explants were transferred adaxial side down onto plates containing 
regeneration medium A (1x MS salts, 2% w/v sucrose, 2% w/v glucose, 3 mM 
MES, 0.5% w/v Agargel, adjusted to pH 5.8 with 1 M KOH, and supplemented 
with 1x B5 vitamin mix, 2 mg/L trans-zeatin riboside, 0.1 mg/L indole-3-acetic 
acid [IAA], 100 mg/L kanamycin and 200 mg/L Timentin; 25 explants per plate). 
Plates were sealed with micropore tape and kept in the dark at 25°C for 3 days 
and then switched to a 16 hour day/8 hour night photoperiod. After 2 weeks, 
explants were transferred onto plates containing regeneration medium B (same 
as regeneration medium A, except 1 mg/L trans-zeatin riboside) and kept at 
25°C with a 16 hour day/8 hour night photoperiod. After 4 weeks, explants were 
again transferred onto plates containing regeneration medium C (same as 
regeneration medium B, except 0.02 mg/L IAA). Explants that had formed calli 
were subsequently transferred onto fresh regeneration C plates every 2 weeks. 
 
Shoots that formed with a distinguishable meristem were cut away from the 
callus and transferred to tissue culture jars containing rooting medium (1x MS 
salts, 2% w/v sucrose, 2% w/v glucose, 3 mM MES, 0.5% w/v Agargel, adjusted to 
pH 5.8 with 1 M KOH, and supplemented with 1x B5 vitamin mix, 0.02 mg/L IAA, 
50 mg/L kanamycin and 100 mg/L Timentin). Shoots that formed roots were 
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transferred to sterile Jiffy Peat Pots (Jiffy, Moerdijk, Netherlands) placed inside 
plastic pots with approximately 2 cm depth of deionised sterile water in the 
bottom, covered with an inverted pot and sealed with micropore tape. Once 
roots emerged from the jiffy pot, the plants were moved to a temperature 
controlled glasshouse (16 hours 25°C day / 8 hours 16°C night cycle and 
ambient light conditions) and transferred to soil.  
 
5.2.3 Screening of transgenic plants 
 
Plants transferred to the glasshouse were analysed for the presence of the 
transgene. Leaf tissue was collected in a microcentrifuge tube and frozen in 
liquid nitrogen for DNA extraction. Frozen tissue was ground to a powder using 
sterile plastic pestles and total plant DNA was extracted using the CTAB method 
as described in Section 3.2.2. DNA concentration and quality were assessed in 
a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, USA) following 
the manufacturer’s instructions. 
 
The presence of the transgene was determined by PCR, following the Phire Hot 
Start II DNA Polymerase protocol described in Section 3.2.3, using the 7774F4 
primer (CCATTTCCTGAGTTACGAATC) and the M13 reverse primer 
(GAGCGGATAACAATTTCACACAGG). The forward primer 7774F4 anneals in the 
transgene while the M13 reverse primer anneals in the pL2 vector adjacent to 
the cloning site. Gel electrophoresis was carried out as described in Section 
3.2.5. 
 
5.2.4 Disease assays with Fol race 3 on T2 transgenic tomato plants 
 
Seeds from T1 transgenic tomato plants were grown (as described in Section 
2.2.8) for 15 days to obtain a T2 population for screening. T2 seedlings were 
screened for the presence of the transgene using the Phire Plant Direct Kit 
(Thermo Scientific) following the manufacturer’s instructions. The presence of 
the transgene was determined by a multiplex PCR using the CAPS marker 7774, 
which amplifies products from the endogenous Solyc08g077740 gene, and the 
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7774F4 and M13 reverse primers, which amplify products from the transgene. 
Gel electrophoresis was carried out as described in Section 3.2.5. 
 
Transgenic seedlings were inoculated with Fol race 3 by dipping their roots in a 
conidial suspension of 1x107 conidia per mL. Mock-inoculated plants (roots 
dipped in deionised water) were used as controls. The preparation of Fol race 3 
conidia and the procedure for root dip inoculation are described in Section 
2.2.8. After inoculation, plants were kept in a controlled environment growth 
chamber on a 25°C 16 hour day/20°C 8 hour night cycle.  After 18-21 days, 
plants were photographed and the levels of wilt symptoms and vascular 
browning were recorded to calculate a disease score as described in Section 
4.2.1.  
 
5.2.5 RNA extraction and non-quantitative reverse transcription PCR 
 
Non-quantitative reverse transcription PCR (RT-PCR) was done in order to 
evaluate I-7 expression in tomato cultivars Tristar (I-7) and M82 (susceptible to 
Fol race 3) and in Tristar x M82 F4 line 683-2. Seedlings were grown in seed 
raising mix as described in Section 3.2.1 for 14 days. After this time, roots and 
leaves of around 2-4 seedlings were collected. Roots were washed with sterile 
deionised water, pooled in a microcentrifuge tube and frozen immediately in 
liquid nitrogen for RNA extraction. Also, cotyledons and emerging true leaves 
from seedlings were pooled in a microcentrifuge tube and frozen in liquid 
nitrogen for RNA extraction.  
 
Total RNA (2 µg isolated as described in Section 4.2.2) was treated with 2 µL of 
RQ1 RNase-Free DNase (Promega) in a reaction volume of 20 µL containing 1x 
RQ1 DNAse reaction buffer (400mM Tris-HCl pH 8.0, 100mM MgSO4, 10mM 
CaCl2; Promega) and 1 µL of RNasin® Ribonuclease Inhibitor (Promega). The 
reaction was incubated at 37°C for 30 minutes, followed by an inactivation step 
at 65°C for 20 minutes. Treated RNA was reverse transcribed into cDNA using 
Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen, Life 
Technologies), following the manufacturer’s instructions. 
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I-7 gene-specific forward (AGCTTTCTGCTTCTATTCACTTTTT) and reverse 
(GGCCTTGTTTTCACAGTCGT) primers were used in the PCR. PCR was done in a 
reaction volume of 25 µL using 3 µL of cDNA template and MyTaq Red DNA 
Polymerase (Bioline, Sydney, Australia) in a PTC-200 Peltier Thermal Cycler (MJ 
Research, Waltham, MA, USA), following the manufacturer’s instructions. The 
cycling conditions included an initial denaturation at 95°C for 3 minutes, 
followed by 37 cycles of denaturation at 95°C for 15 seconds, annealing at 
55°C for 15 seconds and extension at 72°C for 30 seconds, and a final extension 
at 72°C for 3 minutes. Primers to the house keeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were also used as a control for 
RNA/cDNA quality of the samples (GAPDH qPCRm forward 
AAGCTGGTGCTGACTTCGTT and reverse AAACATGGGAGCATCTTTGC primers 
were designed by Ann-Maree Catanzariti, (Plant Disease Resistance Lab, RSB, 
ANU). Water and genomic DNA from Tristar, M82 and line 683-2 (50 ng) were 
also included in the PCR reaction as controls. 
 
5.3 Results 
 
5.3.1 Complementation analysis in transgenic plants 
 
5.3.1.1 Cloning of the Solyc08g077740Tristar and Solyc08g077740M82 genes and 
tomato transformation 
 
The Solyc08g077740Tristar gene from Tristar and the Solyc08g077740M82 gene from 
M82 were cloned by PCR amplification and ligase independent cloning. PCR 
products of about 2.9 kb were obtained using the LIC7774 primers, consistent 
with predicted sizes of 2939 bp for the Tristar allele and 2930 bp for the M82 
allele. Products of about 9 kb were obtained after annealing the inserts to the 
vector, consistent with predicted sizes of 9196 bp for pL2-Tristar (pL2 vector with 
Solyc08g077740Tristar insert) and 9187 bp for pL2-M82 (pL2 vector with 
Solyc08g077740M82 insert) (Figure 5.1).  
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Figure 5.1 Ligase independent cloning of Solyc08g077740Tristar and Solyc08g077740M82. 
Agarose (0.8%) gel electrophoresis showing PCR products from Tristar and M82 DNA 
generated using the LIC7774 primers, the linearised pL2 vector and products generated 
after annealing inserts and vector. PCR amplification with LIC7774 primers generates a 
2939 bp product with Tristar DNA as the template and a 2930 bp product with M82 
DNA. Linearized pL2 produces a band of 6809 bp. Annealed constructs, pL2-Tristar and 
pL2-M82, are 9196 bp and 9187 bp (red arrows), respectively. 
 
 
 
Following transformation into E. coli Mach1, putative transformants were 
screened by colony PCR (Figure 5.2). Twenty colonies were screened for the 
presence of the pL2-Tristar construct, but only two (18 and 20) produced the 
expected PCR product. Fourteen colonies were screened for the presence of 
the pL2-M82 construct, but only three PCR positive colonies (6, 9 and 13) were 
identified. Colonies that produced a PCR product were grown overnight in 
liquid medium for plasmid DNA extraction and where then checked by 
restriction enzyme digestion (Figure 5.3). Both pL2-Tristar clones produced  the 
expected restriction products after digestion. For the pL2-M82 clones, only 6 
and 9 showed the expected digested products, and therefore clone 13 was 
discarded. The fidelity of the constructs was confirmed by Sanger sequencing. 
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Figure 5.2 Screening by colony PCR for clones containing pL2-Tristar and pL2-M82 
constructs. Agarose (1%) gel electrophoresis showing PCR products from colonies 
obtained following transformation of E. coli with annealed vector and Tristar/M82 insert 
constructs. PCR was done using the CAPS 7774 marker. PCR positive colonies show an 
808 bp band.  
 
 
 
 
 
 
Figure 5.3 Restriction enzyme digestion of positive clones to validate colony PCR results. 
Agarose (0.8%) gel electrophoresis showing EcoRV (left) and ScaI (right) digested 
plasmid DNA from pL2-Tristar colonies 18 and 20 and pL2-M82 colonies 6, 9 and 13. 
Clones containing pL2-Tristar were confirmed by the presence of 6030 bp and 3145 bp 
EcoRV digested bands, and 6808 bp, 1255 bp and 1109 bp ScaI digested bands. 
Clones containing pL2-M82 were confirmed by the presence of 5343 bp and 3835 bp 
EcoRV digested bands, and 6811 bp and 2370 bp ScaI digested bands. Clone 13 did 
not show the expected pL2-M82 band patterns after EcoRV or ScaI restriction digestion. 
 
 
 
Agrobacterium-mediated transformation was used to introduce the Tristar and 
M82 alleles of Solyc08g077740 into the Fol race 3 susceptible tomato cultivars 
Moneymaker and M82. pL2-Tristar from clone 20 was transformed into 
Moneymaker and M82, while pL2-M82 from clone 6 was used to transform 
Moneymaker. Leaf tissue DNA from transgenic T1 plants was analysed for the 
presence of the transgene by PCR using primers that anneal in the transgene 
and in the pL2 vector sequence as described in Section 5.2.3. Plants containing 
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the transgene produced a PCR product of about 1.1 kb consistent with a 
predicted PCR product size of 1131 bp (Figure 5.4).  
 
Eleven transgenic Moneymaker plants from six independent calli and 13 
transgenic M82 plants from 12 independent calli were obtained with the Tristar 
allele. Thirteen transgenic Moneymaker plants from seven independent calli 
were obtained with the M82 allele.  
 
 
Figure 5.4 PCR analysis on genomic DNA from leaf tissue was used to confirm the 
presence of the transgene in putative T1 plants. Agarose (0.8%) gel electrophoresis 
showing PCR products generated from transgenic plants using the 7774F4 and M13 
reverse primers. Plants containing the transgene produce a PCR product of 1131 bp. A 
lane loaded with a no-template control sample (Kawchuk et al.) is also shown. 
 
5.3.1.2 Disease assays on T2 lines show that the Tristar transgene, but not the 
M82 transgene, confers resistance to Fol race 3 
 
T2 transgenic tomato plants were generated to test whether the 
Solyc08g077740Tristar gene is in fact I-7. A disease assay was performed on three 
T2 lines carrying the Tristar allele, two in a Moneymaker background (253-2 and 
156-1), and one in a M82 background (204-1). One T2 line carrying the M82 
allele in a Moneymaker background (1-3) was also included. Approximately 30 
seedlings from each of these lines were screened by multiplex PCR for the 
presence of the transgene. Of the two primer pairs used amplifies the 
endogenous Solyc08g077740 gene and therefore serves as a PCR control with 
all samples expected to give a PCR product. The second primer pair amplifies 
an additional band in plants containing the Tristar or M82 transgene (Figure 5.5).  
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Figure 5.5. PCR screening of T2 plants for the presence of the Solyc08g077740Tristar or 
Solyc08g077740M82 transgene. (A) Graphic representation of the T-DNA and location of 
primers used for the screening. Primers F1 and R1 correspond to the CAPS 7774 marker 
(red arrows) and amplify the endogenous Solyc08g077740 gene. Primers F2 and R2 
correspond to 7774F4 and M13 reverse primers (yellow arrows) and amplify the Tristar or 
M82 transgene. Not drawn to scale. (B) Agarose (2%) gel electrophoresis showing the 
PCR screening of T2 seedlings from lines 253-2 and 156-1 (Tristar allele in Moneymaker). 
Plants containing the transgene are marked with an asterisk. PCR control samples, 
comprising a tomato genomic DNA sample (MM), a no-template control (Kawchuk et 
al.) and plasmid DNA (pL2-Tristar) are also shown. 
 
 
 
For three lines, ten T2 seedlings containing the transgene were inoculated with 
Fol race 3 and five were mock inoculated. Only seven T2 plants containing the 
transgene from line 1-3 were available due to poor germination. Four were 
inoculated with Fol race 3 and three were mock inoculated. Wilt symptoms, 
vascular browning and growth distortion were recorded and disease scores 
calculated eighteen days after treatment.  
 
Moneymaker and M82 seedlings were used as susceptible controls, while Tristar 
was used as the resistant control. All the control plants that were Fol race 3 
inoculated or mock inoculated showed the expected outcomes at 18 dpi. The 
mock-inoculated Moneymaker, M82 and Tristar plants remained healthy and 
did not show any disease symptoms. The Fol race 3 inoculated susceptible 
plants were strongly wilted or dead while resistant plants remained healthy. The 
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average disease scores for the Fol race 3 inoculated control plants were 3.2 for 
Moneymaker, 3 for M82 and 0.5 for Tristar (Figures 5.6 and 5.7).  
 
 
 
 
 
 
 
Figure 5.6 Disease assays on T2 plants carrying the Tristar or M82 alleles of 
Solyc08g077740. T2 plants carrying the Tristar allele of Solyc08g077740 from lines 253-2, 
156-1 and 204-1; T2 plants carrying the M82 allele of Solyc08g077740 from line 1-3; and 
Tristar (resistant), M82 (susceptible) and Moneymaker (susceptible) control plants were 
inoculated with Fol race 3. Photos were taken at 18 dpi. Numbers labelling the plants 
correspond to identification numbers used for the PCR screening shown in Figure 5.5 (for 
lines 156-1 and 204-1, not shown for line 1-3). 
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Figure 5.7 Disease scores for T2 plants inoculated with Fol race 3. Two-week-old 
seedlings were inoculated with Fol race 3 and scored after 18 days (data corresponds 
to plants shown in Figure 5.6). Inoculated plants included: T2 plants carrying the Tristar 
allele from lines 253-2, 156-1and 202-1; T2 plants carrying the M82 allele from line 1-3; 
Tristar; M82 and; Moneymaker (MM) control plants. n=10 plants for the T2 lines, with 
exception of line 1-3 where n=4 plants. n=5 for the control plants with the exception of 
Tristar where n=4 plants. Disease scores: 0 = no reaction, healthy plant, 1 = slightly 
swollen or bent hypocotyl; 2 = one or two brown vascular bundles in hypocotyl; 3 = at 
least two brown vascular bundles and growth distortion (strong bending of the stem 
and asymmetric development); 4 = all vascular bundles are brown; plant either dead 
or very small and wilted. 
 
 
At 18 dpi, mock-inoculated or Fol race 3-inoculated T2 plants from lines 253-2, 
156-1 and 204-1 carrying the Tristar allele of Solyc08g077740 were healthy and 
did not show any wilt symptoms or growth distortion (Figure 5.6). The average 
disease scores for the Fol race 3 inoculated T2 plants from lines 253-2, 156-1 and 
204-1 were 0, 0.2 and 0, respectively, which were significantly lower than the 
average disease scores for the transgene recipients Moneymaker or M82 (p < 
0.0001), but not significantly different from that of the transgene donor Tristar (p 
= 0.088) (Figure 5.7). Therefore, this disease assay strongly suggested that the 
Solyc08g077740Tristar gene confers resistance to Fol race 3.  
 
All four T2 plants from line 1-3 carrying Solyc08g077740M82 showed wilt symptoms 
and vascular browning 18 days after inoculation with Fol race 3 (Figure 5.6). 
These plants had an average disease score of 2.3, which was not significantly 
different from the average disease score for the transgene recipient 
Moneymaker or the transgene donor M82 (p = 0.30) but was significantly higher 
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than that for Tristar (Figure 5.7). Despite the small number of plants, this 
experiment suggests that the Solyc08g077740M82 gene does not confer 
resistance to Fol race 3. 
 
5.3.1.3 Disease assays on additional T2 tomato lines confirm Solyc08g077740Tristar 
as the I-7 gene 
 
To confirm the results from the experiments described in Section 5.3.1.2, new 
disease assays were performed on additional T2 lines. However, in these assays, 
segregating T2 plants were not first PCR screened for the presence of the 
transgene and 20 seedlings were tested (15 were inoculated with Fol race 3 
and five were mock inoculated). Only eight seedlings were inoculated with Fol 
for T2 line 151-1 due a poor germination. Lines with a single T-DNA insertion 
should give a 3:1 transgene segregation ratio, so from 15 seedlings, around 10-
12 would be expected to contain the transgene. A total of six additional 
transgenic lines were tested, two carrying the Tristar allele in a Moneymaker 
background (lines 150-1 and 151-1), and four carrying the M82 allele in a 
Moneymaker background (lines 1-1, 5-1, 6-1 and 11-1). The Tristar and M82 
cultivars were used as resistant and susceptible controls, respectively.  
 
Disease assays performed on additional T2 lines carrying Solyc08g077740Tristar 
agreed with the previous experiment. All the mock-inoculated plants in this 
experiment remained healthy (data not shown) and results for the Fol race 3 
inoculated control plants were as expected; the Tristar plants remained 
healthy, and the Moneymaker plants showed strong disease symptoms (Figure 
5.8). The average disease scores were 0.5 for Tristar, and 4 for Moneymaker.  
 
The results for the T2 lines 150-1 and 151-1 confirmed the ability of 
Solyc08g077740Tristar to confer resistance to Fol race 3 as for both lines the 
majority of plants did not show any disease symptoms 21 days after Fol 
inoculation (Figure 5.8). Of the Fol inoculated plants from line 150-1, eleven 
were healthy and had an average disease score of 0. Similarly, of the eight Fol 
inoculated plants from line 151-1, five were healthy and had an average 
disease score of 0. The average disease scores calculated for these lines were 
not significantly different from that of the transgene donor Tristar (p = 0.70) but 
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were significantly lower than the average disease score for Moneymaker plants 
(p = 0.0001) (Figure 5.9). The remaining plants from line 150-1 (four) and from line 
151-1 (three), scored as susceptible non-transgenic siblings, showed wilting, 
vascular browning, and growth distortion, and had average disease scores of 
3.5 and 4, respectively. These scores were significantly higher than the average 
disease score for the transgene donor Tristar (p = 0.0036) but not significantly 
different from that for Moneymaker plants  (p = 0.34) (Figure 5.9). 
 
 
 
 
 
Figure 5.8 Disease assays on T2 plants from two additional transgenic lines carrying the 
Solyc08g077740Tristar transgene. T2 plants from lines 150-1 and 151-1 carrying the Tristar 
allele of Solyc08g07774, and Tristar (resistant) and Moneymaker (susceptible) control 
plants were inoculated with Fol race 3. Plants marked with an asterisk were scored as 
susceptible non-transgenic siblings. Photos were taken at 21 dpi. 
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Figure 5.9 Disease scores for T2 lines inoculated with Fol race 3. Disease scores for two-
week-old seedlings from T2 lines 150-1 (n=15) and 151-1 (n=8) segregating for resistance 
conferred by the Tristar allele of Solyc08g077740, Tristar (n=10) and, Moneymaker 
(n=10), inoculated with Fol race 3. Disease scores were determined three weeks after 
inoculation. Disease scores: 0 = no reaction, healthy plant, 1 = slightly swollen or bent 
hypocotyl; 2 = one or two brown vascular bundles in hypocotyl; 3 = at least two brown 
vascular bundles and growth distortion (strong bending of the stem and asymmetric 
development); 4 = all vascular bundles are brown; plant either dead or very small and 
wilted. 
 
 
 
Disease assays performed on additional T2 lines carrying Solyc08g077740M82 also 
agreed with the previous experiments. In these assays, all the mock-inoculated 
plants remained healthy (data not shown). Of the Fol race 3-inoculated plants, 
the Tristar line showed resistance as expected, while the Moneymaker and the 
T2 lines 1.1, 5.1, 6.1 and 11.1 carrying Solyc08g077740M82 in a Moneymaker 
background all showed strong disease symptoms including wilting, growth 
distortion and death (Figure 5.10). These disease assays confirmed that 
Solyc08g077740M82 does not confer resistance to Fol race 3. 
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Figure 5.10 Disease assays on T2 plants from four additional transgenic lines carrying the 
Solyc08g077740M82 transgene. T2 plants from lines 1-1, 5-1, 6-1 and 11-1 carrying the M82 
allele of Solyc08g077740; and Tristar (resistant) and Moneymaker (susceptible) control 
plants were inoculated with Fol race 3. Photos were taken at 21 dpi. 
 
 
In total, the results from all of the T2 lines tested showed that Solyc08g077740Tristar 
confers resistance to Fol race 3 while Solyc08g077740M82 does not. Therefore, 
from this point on Solyc08g077740Tristar is designated I-7 while Solyc08g077740M82 
is designated i-7. 
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5.3.2 The Solyc08g07774 sequence in Tristar x M82 F4 line 683-2 is identical to 
that of I-7 but does not confer resistance 
 
I-7 confers resistance to Fol race 3, yet in Section 4.3.5 it was shown that there 
wasn’t complete linkage with the CAPS 7774 marker that targets this gene. 
Marker analysis of resistant and susceptible individuals from homozygous Tristar x 
M82 F3 and F4 lines using CAPS markers targeting four genes on the 
introgressed region carrying I-7, showed a strong correlation between marker 
band patterns and resistance or susceptibility to Fol race 3, but discrepancies in 
six lines were also observed (Section 4.3.5). These discrepancies were mostly 
due to segregation among the lines that were scored (i.e. 5 out of 6 lines were 
not in fact homozygous lines). However, this was not the case for one line. 
Marker analysis on six individuals from the susceptible Tristar x M82 F4 line 683-2, 
showed no segregation and instead revealed that all six were homozygous for 
the introgressed region carrying I-7. To investigate this inconsistency further a 
disease assay was repeated and further marker analysis was done on 
additional individuals from line 683-2.  
 
Ten seedlings from line 683-2 were inoculated with Fol race 3 and five mock-
inoculated plants were used as controls. All mock-inoculated plants remained 
healthy and did not show disease symptoms at 21 dpi, but the Fol race 3 
inoculated plants showed significant wilting (Figure 5.11A). Therefore, the 
disease assay confirmed that line 683-2 is indeed susceptible to Fol race 3. 
Nevertheless, marker analysis of the plants used in the disease assay showed 
that they were all homozygous for the CAPS 7774 marker suggesting they 
should have been homozygous for I-7 and therefore resistant to Fol race 3 
(Figure 5.11B).  
 
To try and address the paradoxical finding that line 683-2 is susceptible to Fol 
race 3 yet marker analysis shows it is homozygous for the introgressed region 
carrying I-7, the Solyc08g07774 gene from this line was amplified by PCR using 
primers 7774TNF3 and 7774TNR2 then sequenced using primers 7774TNF3, 
7774R2, 7774Seq2, 7774Seq3, 7774Seq6 and 7774Seq9  (Table 5.1).  Sanger 
sequencing revealed that the Solyc08g07774 sequence in line 683-2 was 
identical to that of I-7.  
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Figure 5.11 Disease assay and marker analysis on plants from the Tristar x M82 F4 line 
683-2. (A) Photos of mock-inoculated and Fol race 3-inoculated plants from line 683-2 
at 21 dpi. (B) Agarose (2%) gel electrophoresis showing marker analysis targeting the I-7 
gene in 12 plants from line 683-2 used in the disease assay. PCR amplification with the 
CAPS 7774 marker generates an 808 bp product with all templates (not shown). After 
restriction digestion with AgeI, samples containing I-7 show 612 bp and 196 bp digestion 
products while samples containing i-7 remained undigested.  
 
 
 
Given that there appeared to be no alteration in the coding sequence of I-7 it 
was possible that I-7 may not be expressed in line 683-2. To investigate this 
possibility, non-quantitative RT-PCR was done in order to evaluate I-7 expression 
in roots and leaves from plants of line 683-2. RT-PCR was also performed on RNA 
samples from roots and leaves of Tristar and M82. The I-7 primers used in the PCR 
reaction, amplify a segment that is specific to the I-7 gene. I-7 does not contain 
introns therefore cDNA and genomic DNA samples produce a PCR product of 
the same size. An additional RT-PCR was therefore performed using GAPDH 
primers that flank an intron in the gene encoding glyceraldehyde-3-phosphate 
dehydrogenase in order to assess possible genomic DNA contamination of the 
RNA samples used in this analysis.  
 
I-7 transcripts were detected in root samples from Tristar and line 683-2, but not 
leaf samples (Figure 5.12). While, no I-7 transcripts were detected in root or leaf 
samples from M82 (Figure 5.12). I-7 PCR products were obtained from genomic 
DNA of Tristar and line 683-2 but not M82, confirming the target specificity of the 
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primers used (Figure 5.12). The quality of the root and leaf cDNA templates used 
in these PCR reactions was confirmed by the detection of PCR products arising 
from GAPDH transcripts but not GAPDH genomic DNA in both root and leaf 
cDNA samples.  
 
 
 
 
 
Figure 5.12 RT-PCR analysis of root RNA from Tristar and line 683-2 detected I-7 
transcripts. Agarose (2%) gel electrophoresis showing PCR amplification of cDNAs 
derived from root and leaf RNA samples extracted from Tristar, M82 and line 683-2 
plants. I-7 primers amplify a 151 bp region of the I-7 gene with cDNA and genomic DNA 
templates that contain the gene. GAPDH primers amplify a 128 bp region of the gene 
with cDNA templates and a 314 bp region of the gene with genomic templates. 
Negative controls with no reverse transcriptase (RT negative) were also included for all 
the samples. The 100 bp DNA ladder from New England Biolabs was used as a size 
reference. 
 
 
Unfortunately, the paradoxical findings with the susceptible Tristar x M82 F4 line 
683-2 were not resolved with the analysis presented in this section (i.e. 683-2  is 
susceptible to Fol race 3 yet marker analysis shows it is homozygous for the 
introgressed region carrying I-7, Solyc08g07774 sequences in line 683-2 and I-7 
are identical, and I-7 transcripts were detected in root samples from both Tristar 
and line 683-2). No further analysis was taken because it was beyond the scope 
of this thesis. 
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5.3.3 Analysis of the protein sequence encoded by I-7  
 
The I-7 gene encodes a typical LRR-RLP of 966 amino acids (Figure 5.13). The first 
25 amino acids are predicted to function as a signal peptide directing protein 
secretion via the endoplasmic reticulum in eukaryotes (von Heijne, 1986). 
Amino acids 26 to 85 constitute the mature N-terminus comprising an N-terminal 
LRR-flanking domain containing several cysteines. The N-terminal end is 
followed by a typical extracellular LRR region consisting of 30 repeats (from 
amino acids 86 to 851) divided into two blocks (26 repeats and 4 repeats) by a 
loop out region (amino acids 709 to 755). Amino acids 852 to 875 constitute a 
C-terminal LRR-flanking region. Amino acids 876 to 906 comprise a very acidic 
domain with 13 negatively charged residues (four glutamic acid residues and 
nine aspartic acid residues) and only one positively charged residue (arginine). 
Amino acids 907 to 929 comprise a predicted transmembrane domain. Amino 
acids 930 to 966 comprise a very basic cytosolic C-terminal domain, with 13 
positively charged residues (seven lysine residues, and six arginine residues) and 
only two negatively charged residues (glutamic acid and aspartic acid 
residues). The cytosolic domain also includes a putative YXXø endocytosis motif 
(YVKF) where Y represents tyrosine and ø represents an amino acid with a bulky 
hydrophobic side chain (Bonifacino and Traub, 2003). The predicted LRR region, 
contains 21 potential N-glycosylation sites matching the consensus motif 
Nx(S/T)x (where x is any amino acid except P). 
 
Compared to I-7, i-7 encodes a slightly shorter 963 amino acid protein with 
93.4% identity to I-7. An alignment of these proteins is shown in Appendix 6. I-7 
and i-7 have a total of 68 polymorphic residues between them. The N-terminal 
flanking domain contains a high proportion of the polymorphisms as it 
comprises only 6.6% of the protein but contains 23.5% (16) of the 
polymorphisms. The acidic domain is also fairly polymorphic; it comprises only 
3.2% of the protein but this domain possesses 13.2% (9) of the polymorphisms. 
The LRR domain is relatively conserved between the two proteins compared to 
the non-LRR regions of the rest of the protein. Surprisingly the predicted solvent 
exposed residues in the β-sheet region of the LRR domain, thought to determine 
recognitional specificity in other LRR-RLPs, show very few polymorphisms 
between I-7 and i-7, with only five polymorphic residues out of 150 (3.3%). 
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Figure 5.13 Sequence and graphic representation of the predicted I-7 protein. The 
predicted protein sequence encoded by the I-7 gene can be divided into eight 
domains: a signal peptide, an N-terminal end, followed by a typical extracellular LRR 
region, divided into two blocks by a loop out region, and a C-terminal LRR-flanking 
region, followed by an acidic domain, a transmembrane domain, and a basic 
cytosolic domain. The positions of amino acid differences between the I-7 and i-7 
proteins are shown in red. A putative endocytosis signal sequence in the cytosolic 
domain is shown in green. Putative N-glycosylation sites are underlined. Protein 
sequence analysis and domain prediction were done using the EMBL-EBI MAFFT server 
at http://www.ebi.ac.uk/interpro. 
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5.3.4 I-7 is a member of a small gene family in tomato and its wild relative S. 
pennellii 
 
A nucleotide BLAST (blastn) search of the S. lycopersicum Heinz 1706 genome 
sequence reveals an I-7 orthologue (i.e. i-7) on chromosome 8 with 96% 
nucleotide identity to I-7 and a paralogue on chromosome 6 with 86% 
nucleotide identity to I-7 (Appendix 7). Similarly, a blastn search of the S. 
pennellii LA716 genome sequence reveals an orthologue with 99% nucleotide 
identity on chromosome 8 and a paralogue with 86% nucleotide identity on 
chromosome 6 (Appendix 7). However, this search also revealed a paralogue 
with 89% nucleotide identity on chromosome 8 adjacent to the I-7 orthologue 
(Appendix 7). This raised the possibility that the S. pennellii introgression in Tristar 
also carried a paralogue adjacent to I-7. Analysis of the RNA-seq data 
described in Chapter 4 revealed transcripts corresponding to a homologue 
present in Tristar but absent in M82. The majority of the coding sequence for this 
homologue was assembled from the RNA-seq data (Appendix 7). This 
homologue showed higher nucleotide identity to the I-7 paralogue on 
chromosome 8 of LA716 (99% nucleotide identity) than either I-7 (88% 
nucleotide identity), the I-7 orthologue on chromosome 8 of LA716 (89% 
nucleotide identity) or the paralogue on chromosome 6 of LA716 (90% 
nucleotide identity). From these data, one can infer the presence of an I-7 
paralogue adjacent to the I-7 gene in Tristar. 
 
Alignment of the predicted protein sequences (Figure 5.14) clearly shows that 
the chromosome 6 and 8 paralogues are more closely related to one another 
than they are to I-7 or its orthologues. The alignment shows that there are 70 
variable positions with three or more different amino acids represented among 
the seven sequences; 52 within the LRR domain and 21 within the predicted 
solvent exposed residues of the β-sheet region of the LRR domain.  Almost half 
(25) of the variable positions and two thirds of those predicted to be solvent 
exposed β-strand residues are clustered within LRRs 14-19. In contrast, only 
seven of the variable positions and none of those at predicted solvent exposed 
β-strand residues are present in LRRs 20-30. The alignment also shows that there 
is extensive polymorphism for the presence/absence of putative N-
glycosylation sites among the gene family with 18 of 33 positions being 
polymorphic, with one site unique to I-7. This alignment also shows that are only  
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                               *       *                 *                  *  * *     *       
I-7         1 MEYQQLLIAFCFYS---LFVQQSQFAYAGKHLCPRDQAFYLLQFKQGLTVDPNA--YDCENKARSKTLSWNVTGDCCEWD 
LA716_o8    1 MEYQQLLIAFCFYS---LFVQQSQFAYAGKHLCPRDQAFYLLQFKQGLTVDPNA--YDCENKARSKTLSWNVTGDCCEWD 
Heinz_o8    1 MEYQQLLIAFCFYS---LFVHQSQLTYARKHLCTRDEAFYLLQLKQGLTVDKNAYYYGCDSEAEAKTLSWNATRDCCEWG 
Trist_p8    1 MQYQKLITAFCFHSLFILFVQQCQLTYAGKHLCARDEAFYLLQLKQGLTVEPYAYRYVCDSEAEAKTLSWNATRDCCEWG 
LA716_p8    1 MQYQKLITAFCFHSLFILFVQQCQLTYAGKHLCARDEAFYLLQLKQGLTVEPYAYRYDCDSEAVAKTLSWNATRDCCEWG 
LA716_p6    1 MEYQKLIMAFCFHSLLILFVHQSQLTYAGKHLCARDEAFYLLQLKQGLTVDPNAYFYGCDSEAEAKTLSWNATRDCCEWG 
Heinz_p6    1 MEYQKLIVAFCFHSLLILFVHQSQLTYAGKHLCARDEAFYLLQLKQGLTVDPHAYFYGCDSEAEAKTLSWNATRDCCEWG 
 
                        1          *        2            *           3            *    ***     
I-7        76 GVTCNGLTGHVIGLDLSCSFLIGTINANSSLTKLSHLQRLNLASNEFNDFPLGNSTSELSSLTHLNLSDSGIFNERKMIP 
LA716_o8   76 GVTCNGLTGHVIGLDLSCSFLIGTINANNSLTKLGHLQRLNLASNEFNDFPLGNSISELSSLTHLNLSDSGIFNERKMIP 
Heinz_o8   78 GVTCNGLTGHVIGLDLSCSFLIGTINANNSLTKLGHLQRLNLALNVFNDFPLGNSISELSSLTHLNLSDSGIFNERKMIP 
Trist_p8   81 GVTCNGFTGHVIGLDLSCSFVSGTINANSTLKKLGHLQRLNLAFNELSGFPLGNSISQLTSLTHLNLSHYGNMIREMQIP 
LA716_p8   81 GVTCNGFTGHVIGLDLSCSFVSGTINANSTLKKLGHLQRLNLAFNELSGFPLGNSISQLTSLTHLNLSHYGNMIREMQIP 
LA716_p6   81 GVTCNVFTGHVIGLDLSSSCLRGTIDANSTLKKLGHLQRLNLAYNKLSDFPLGNSISQLSSLTHLNLSLSGNM---MQIP 
Heinz_p6   81 GVTCNVFTGHVIGLDLSSSCLRGTIDANSTLKKLGHLQRLNLAYNELSDFPLGNSISQLSSLTHLNLSHSGNM---MQIP 
 
                4               *           5                 *  *    *    6      *       *    
I-7       156 PGLCKLSKLISLDLSGS-YIQVGRTTFTSLLHNLTNLEVLLFDYVYA---SFELPKKFPSSLRKLSLQGTNVFGNITDSQ 
LA716_o8  156 PGLCKLSKLISLDLSGS-YIQVGRTTFTSLLQNLTNLEVLLFDYVYA---SFELPKKFPSSLRKLSLQGTNVFGNITDSQ 
Heinz_o8  158 PGLCKLSKLISLDLSGS-YIQVGRTTFTSLLHNLTNLEVLLFDYVYA---SFELPKKFPSSLRKLSLQGTNMFGNITDSQ 
Trist_p8  161 AGLTNLSKLVSLDLSWH--FAVGLTTFRSLLHDLTNLEVLLLDNVDVFENISELPKNLSSSLRYLSLQGTGMLGNITESQ 
LA716_p8  161 AGLTNLSKLVSLDLSWH--FTVGLTTFRSLLQDLTNLEVLLLDNVDVFENINELPKNLSSSLRYLSLQGTGMFGNITESQ 
LA716_p6  158 AGLTNLSKLVSLDLSWHTEFQLGLTTFRSLLQDLTNLEVLLLDNVDVFGNISELPKYLSSSLRYLSLGHTNMFGNISESQ 
Heinz_p6  158 AGLTNLSKLVSLDLSWHTKLQFGLTTFRSLLQDLTNLEVLLLDNVDVFGNISELPKNLSSSLRYLSLGDTNMFGNIGESE 
                                                                       . 
              7                        *8   *                   9           *           10   * 
I-7       232 LFHLPNLQVLRLGDNPSLTGTLPNFHWNFSKSVLELDFSYTGIFGKVPDSIGILQSLWRLNLFNCHLSGSIPESFGNLTT 
LA716_o8  232 LFHLPNLQVLRLGDNPSLTGTLPNFHWNFSKSVLELDFSYTGIFGKVPDSIGILQSLWRLNLFNCHLSGSIPESFGNLTT 
Heinz_o8  234 LFHLPNLQVLRLGDNPSLTGTLPNFHWNFSKSVLELDFSYTGIFGKVPDSIGILHSLWRLNLFNCHLSGSIPESFGNLTT 
Trist_p8  239 IFHLPNLQVLRLGDNPSLTGTLPNFYWNFSKSVLELDFSYTGIFGKLPDSIGNLHSLCYLNLLYCHLSGSIPESLGNLTA 
LA716_p8  239 IFHLPNLQVLRLGDNPSLTGTLPNFYWNFSKSVLELDFSYTGIFGKLPDSIGNLHSLCYLNLLYCHLSGSIPESLGNLTA 
LA716_p6  238 IFHLPNLQVLRLGNNPLLTGTLPNYRWNFSGSVLELDFSNTGIFGKLPGSIANLHSLWRLNLRNCSLSGLIPVSLGNLTS 
Heinz_p6  238 IFHLPNLQVLRLGNNPLLTGTLPNYRWNFSESVLELDFSNTGIFGKLPGSIANLHYLWRLNLRNCHLSGSIPVSLGNLTT 
                                                                              . 
                                11      *               12        *             13 *    *      
I-7       312 IRELILSGNNFTGNILSTISKLNKLVNLHLSSNHFRGSIPESIGNLTAIRELILSDNSFAGYVPSSIGKLNKLDSLSLSS 
LA716_o8  312 IRELILSGNNFTGNILSTISKLNKLVNLHLSSNHFRGSIPESIGNLTAIRELILSDNSFTGNVPSSIGKLNKLDSLSLSS 
Heinz_o8  314 IRELILSGNNFTGNILSTISKLNKLVNLHLSSNHFRGSIPESIGNLTAIRELILSDNSFTGNVPSSIGKLNKLDSLSLSS 
Trist_p8  319 IRELTLSGNSFTGIVLSTISKLNKLVRLDISSNHFRGSIPESIGNLTAITELELSDNSFTGNVPSSIGKQNKLDSLYLSS 
LA716_p8  319 IRELTLSGNSFTGIVLSTISKLNKLVRLDISSNHFQGSIPESIGNLTAITELELSDNSFTGNVPSSIGKQNKLDSLYLSS 
LA716_p6  318 IRELILTRNNFTGNVPSTISKLNKLVYLDLSSNHFRGSIPESIGNLTAITVLALSYNSFTGNVPSTIQKMNKLSYLSLSS 
Heinz_p6  318 IRELILTRNNFTGNVPSTISQLNKLVYLDLSSNHFRGSIPESIGNLTAITVLDLSYNSFTGNVPSTIQKMNKLSDLSLSS 
                        . 
                        14     ** *  *          15     ** *             16   * **      ** 
I-7       392 NNFEGSIPDIFANFSELYSLDFHSNNFVGPFPYSIATLTHLDGLELQNNSLTGPLPSNISGFQNLFNLDLSFNHLTGATP 
LA716_o8  392 NNFEGSIPDTFANFSELYSLDFHSNNFVGPFPYSIATLTHLDGLELQNNSLTGPLPSNISGFQNLFNLDLSFNHLTGATP 
Heinz_o8  394 NNFEGSIPDIFVNFSELNSLDFHSNNFVGPFPYSIATLTHLDGLELQNNSLTGPLPSNISGFQNLFNLDLSFNYLTGATP 
Trist_p8  399 NNFEGSIPDIFANFSELHTLYLDNNKFTGPLPYSIATLTRLELLYLQNNSLTGSLPSNISGLQDLRNLDLSFNYITGVTP 
LA716_p8  399 NNFEGSIPDIFANFSELHTLYLDNNKFTGPLPYSIATLTRLELLYLQNNSLTGSLPSNISGLQDLRNLDLSFNYITGVTP 
LA716_p6  398 NNFGGSIPDIFANFSELSFLGFDTNNFTGPLPYSIATLTRLEALFLQNNSLTRPLPSNISGFQELTMLDLSFNCFTGATP 
Heinz_p6  398 NNFGGSIPDIFANISELSFLGFHTNNFTGPLPYSITTLTRLATLYLQNNSLTRPLPSNISGFQELTVLDLSFNCFTGAAP 
                                        . 
                17*    **       *       18*  *  **              19  ****             * 20   * 
I-7       472 PWLFQLPSLMSLSVQANKFTGELPNELNRS-TSVPFIDISYNNLHGEIPYWMLSMVMNSLDLSHNFLTGFEKQVWHSEYL 
LA716_o8  472 PWLFQLPSLMSLSVQANKCTGELPNELNRS-TSVPFIDISYNNLHGEIPYWMLSMVMNSLDLSHNFLTGFEKQVWHSEYL 
Heinz_o8  474 PWLFQLPSLMSLSVQANKFTGELPNELNRS-SSVPFIDISYNNLHGEIPYWMLFMSIDSLDLSHNFLTGFEKQVWHSEYL 
Trist_p8  479 PWLFYLPSLSFLSVQHNQLTGKLPNELKTNYVEYLYIDLSYNKLQGEIPDWMFSTSMDSLDLSHNFLTGFEKQVWHSGSL 
LA716_p8  479 PWLFHLPSLSFLSVQHNQLTGKLPNELKTNYVEYLYIDLSYNKLQGEIPYWMFSTSMDSLDLSHNFLTGFEKQVWHSGSL 
LA716_p6  478 SWLFHLPSLDYLYVQHNQLTGKLPNELKSNYVEYSDINLSYNKLQGEIPDWMFSTSLGRLDLSHNFLTGFVRQVWPSGNI 
Heinz_p6  478 SWLFHLPSLYNLYVQHNQLTGKLPNELKSNYVEYSDINLSYNNLQGEIPDWMFSPRLGRLDLSHNFLTGFVIQVWPSGSL 
                                                    . 
                          * *  21   *                  22  *                    23 
I-7       551 SYLNLENNFLQGPLHQSICDLINLEFLILAQNNFNGSIPDCLGNSNRLISILDLRMNNFHGEIPTFLPRGLEYLGLYGNQ 
LA716_o8  551 SYLNLENNFLQGPLHQSICDLINLEFLILAQNNFNGSIPDCLGNSNRLISILDLRMNNFHGEIPTFLPRGLEYLGLYGNQ 
Heinz_o8  553 SYLNLENNLLQGPLHQSICDLINLAFLILAQNNFNGSIPDCLGNSNRLISILDLRMNNFHGEIPTFLSTGLQYLGLYGNQ 
Trist_p8  559 RYLNLENNFLQGTLNQSICDMISLEFLILAHNNFSGSIPDCLGNSSSVISILDLRMNNFHGEIPRFLPTGLEYLGLYGNQ 
LA716_p8  559 RYLNLENNFLQGTLNQSICDMISLEFLILAHNNFSGSIPDCLGNSSSVISILDLRMNNFHGEIPRFLPTGLEYLGLYGNQ 
LA716_p6  558 RYLNLENNFLQGSLYQSFCDMVILEILILAQNNFSGSIPDCLGNSKSLIYILDLRMNKFHGEIPRFLPTRLEYLGLYGNQ 
Heinz_p6  558 RYLNLENNFLQGSLYQSFCDMVMLEILILAQNNFSGSIPDCLGNSKSLIYILDLRMNKFHGEIPRFLPTRLEYLGLYGNQ 
                                               . 
                      24 *                    25                     26                    . 
I-7       631 LRGQVPRSLVNRTSLVALDLGNNKLNDTFPIWLEKLPNLQVLILKSNLFHGPIGDLESEFPFPELRIFDLSFNGFTGTLS 
LA716_o8  631 LRGQVPRSLVNRTSLVALDLGNNKLNDTFPIWLEKLPNLQVLILKSNLFHGPIGDLESEFPFPELRIFDLSFNGFTGTLS 
Heinz_o8  633 LRGQVPRSLVNCTSLVALDLGNNKFNDTFPIWLEKLPNLQVLILKSNLFHGPIGDLESEFPFPELRIFDLSFNGFTGTLS 
Trist_p8  639 LRGQVSRSLVNCTSLVALDLGNNKLNDTFPIWLEKLANLQVLILKSNLFYGPIGDLESEFPFPELRILDLSFNGFNGTLP 
LA716_p8  639 LRGQVSRSLVNCTSLVALDLGNNKLNDTFPIWLEKLANLQVLILKSNLFYGPIGDLESEFPFPELRILDLSFNGFTGTLP 
LA716_p6  638 LTGQVPRSLVNYTSLEAIDLGNNKLNDTFPIWLEKFPYLRVLILKSNLFHGPIGDFESEFPFPELRIFDLSCNGFTGTLP 
Heinz_p6  638 LTGQVPRSLVNYTSLEAIDLGNNKLNDTFPIWLEKFPYLRVLILKSNLFHGPIGDFESEFPFPELRIFDLSCNGFTGTLP 
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                          *  * *    ***  *                 27                    * 28         . 
I-7       711 SNLFKSFRGMMDADEGKSGISRARNRTRRDYLYHVSLVIKGNEFDMRITSIMTSVDLSSNRFEGDIPNSIGNLSSLVLLN 
LA716_o8  711 SNLFKSFRGMMDADEGKSGISRARNRTRRDYLYHVSLVIKGNEFDMRITSIMTSVDLSSNRFEGDIPNSIGNLSSLVLLN 
Heinz_o8  713 SNLFKSFRGMMDVDEGKAGISRSWNGTRRDYFYHVSLVIKGNEFDMRITSIMTSVDLSSNRFEGDIPISVGNLRSLVLLN 
Trist_p8  719 SNLFKSFRGMMDLDEENTGITQVSKSNDTDYLYHVSLVIKGNEYDMRITSIMTSVDLSSNRFEGDIPKSIGSLRSLVLLN 
LA716_p8  719 SSLFKSFRGMMDLDEENTGITQVSKSNDTDYLYHVSLVIKGNEYDMRITSIMTSVDLSSNRFEGDIPKSIGSLRSLVLLN 
LA716_p6  718 SKFFKSFRGMMDVNEKKTGITQVTKRTLRGYLYHVSLMIKGNEFNMRITPIMTSVDLSSNRFEGDIPNSIGSLSSLVLLN 
Heinz_p6  718 SKFFKSFRGMMDVNEKKTGITQVTKRTLRGYLYHVSLMIKGNEFNMRITPIMTSVDLSSNRFEGDIPNSIGSLSSLVLLN 
 
                           29                      30                              . 
I-7       791 LSHNSFRGHIPAEFTKLQQLEALDLSWNRLIGEIPGQLSSLTFLEVLNLSYNHLAGRIPIGKQFNTFPNDSYCGNPDLCG 
LA716_o8  791 LSHNSFRGHIPAEFTKLQQLEALDLSWNRLIGEIPGQLSSLTFLEVLNLSYNHLAGRIPIGKQFNTFPNDSYCGNPDLCG 
Heinz_o8  793 LSHNSFRGHIPAEFTKLQQLEALDLSWNRLIGEIPGQLSSLTFLEVLNLSYNHLAGRIPIGKQFNTFPNDSYCGNPDLCG 
Trist_p8  799 LSHNSFRGHIPAEFTKLQQLEALDLSWNRLIGEIPGQLSSLTFLEVLNLSYNHLAGRIPIGKQFNTFPNDSYCGNPDLCG 
LA716_p8  799 LSHNSFRGHIPAEFTKLQQLEALDLSWNRLIREIPGQLSSLTFLEVLNLSYNHLAGRVPIGKQFNTFPNDSYCGNPDLCG 
LA716_p6  798 LSHNIFHGHIPAEFTKLQQLEALDISWNRLIGEIPGPLSSLTFLEVLNLSYNHLAGRIPIGKQFNTFPNDSYCGNPGLCG 
Heinz_p6  798 LSHNIFHGHIPAEFTKLQQLEALDISWNRLIGEIPGPLSSLTFLEVLNLSYNHLAGRIPIGKQFNTFPNDSYCGNPGLCG 
 
                       *          *                                      * 
I-7       871 FPLSMECGNNNESPLERDDSDDDDDDSFFMSGFTWEAVAIGYGCGMIFGLLIGALMFLLEKPKWYVKFAEDIAQQIAAKK 
LA716_o8  871 FPLSKECGNKNESPLEH---DDDDDDSYFMSGFTWEAVAIGYGCGMIVGLLIGGLMFLLEKPKWYVNFAEDIAQQIAAKK 
Heinz_o8  873 FPLSKECGNRNE----HDD-NDDDDDSYFMSGFTWEAVAIGYGCGMIFGLLIGGLMFLLQKPKWYVKFAEDIAQQIAAKK 
Trist_p8  879 FPLSKECGNKNESPLEH---DDDDDDSYFMSGFTWEAVAIGYGCGMIFGLLIGGLMFLLEKPKWYVKFAEDIAQQIAAKK 
LA716_p8  879 FPLSKECGNNNESPLEH---DDSDDDSFFMSGFTWEAVVIGYGCGMIFGLLIGGLMFLLEKPKWYVNFAEDIAQQIAAKK 
LA716_p6  878 FPLSKECGNNNESPLEH---EDDDDDSFFMSGFTWEAVVIGYGCGMIFGLLIGGLMFLLGKPKWYVNFAEDIAQQISAKK 
Heinz_p6  878 FPLSKECGNNNESPLEH-----EDDDSFFMSGFTWEAVVIGYGCGMIFGLLIGGLMFLLGKPKWYVNFAEDIAQQISAKK 
 
                          * 
I-7       951 RTRQKKIRQRRGVRMN 
LA716_o8  948 RTRQKKRRQRHGVRMS 
Heinz_o8  948 RKRQKKRRQKRGLSMN 
Trist_p8  956 RKRQKKRRQRRGVRMN 
LA716_p8  956 RKRQKKRRQRRGVRMN 
LA716_p6  955 GTRQKKRRQRRGLR-- 
Heinz_p6  953 GTRQKKRRQRRGPR-- 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14. Alignment of I-7 and orthologous and paralogous proteins from Tristar, M82 and 
LA716. Sequences were aligned using the EMBL-EBI MAFFT server at 
http://www.ebi.ac.uk/Tools/msa/mafft/ and the alignment was shaded using the ExPASy 
BoxShade server at http://www.ch.embnet.org/software/BOX_form.html. Amino acid 
identities are highlighted in black. Amino acid similarities are highlighted in grey. Putative N-
glycosylation sites encoded by orthologous and paralogous genes on chromosome 8 
(labelled o8 and p8, respectively) and paralogous genes on chromosome 6 (labelled p6) are 
indicated by black boxes above the sequence alignment. Putative N-glycosylation sites 
encoded by genes at only one or two of these three loci are indicated by red boxes 
(orthologous genes on chromosome 8) or green boxes (paralogous genes on chromosome 8) 
above the sequence alignment or blue boxes (paralogous genes on chromosome 6) below 
the sequence alignment. Residues unique to I-7 are highlighted in yellow. Numbers above the 
alignment indicate the LRR number and asterisks above the alignment indicate variable sites 
with three or more different residues with red asterisks indicating variable sites in predicted 
solvent exposed residues in the b-strand motif of the LRR. N.B. The first 18 amino acids of the 
Trist_p8 sequence are inferred from the LA716_p8 sequence. 
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20 amino acid differences between I-7 and its orthologue in LA716. Eight of 
these are unique to I-7 and although four of these eight occur in the LRR region 
none are at solvent exposed positions within the β-sheet region of the LRR 
domain. 
 
5.4 Discussion 
 
In Chapter 4, an I-7 candidate gene, encoding an extracellular LRR-RLP, was 
identified by combining gene expression data with SNP analysis. This Chapter 
described the isolation and testing of Tristar and M82 alleles of the I-7 
candidate gene following transformation of susceptible tomato plants. 
Transgenic lines carrying the Tristar allele of Solyc08g077740 showed full 
resistance to Fol race 3, whereas transgenic lines carrying the M82 allele 
remained susceptible to Fol. This complementation analysis confirmed that 
Solyc08g077740Tristar is I-7, thereby adding I-7 to the list of LRR-RLPs mediating 
microbial pattern recognition and/or resistance to fungal pathogens. 
 
At present, I-7 is the only resistance gene to Fol that is not expressed in leaf 
(expression in stem was not tested). I-2 is expressed at low levels in roots, stems 
and leaf tissue; specifically in the parenchyma cells adjacent to the xylem 
vessels (Mes et al., 2000, Ma et al., 2013) . I-3 is expressed in root and leaf tissue; 
however while a high level of expression was seen in leaf tissue, only low levels 
of root transcripts were detected (Catanzariti et al., 2015). 
 
The predicted I-7 protein sequence shows a domain architecture typical of the 
LRR-RLP class of proteins. Other LRR-RLPs identified in tomato and tobacco 
include disease resistance proteins, such as the tomato Cf-2 and Cf-9 proteins 
(for resistance to Cladosporium fulvum) and pattern recognition receptors 
(PRRs) including: the tomato Ve1 protein, which mediates resistance against 
Verticillium dahliae and V. albo-atrum race 1 (Kawchuk et al., 2001) through 
recognition of the Ave1 protein present in various fungal species (de Jonge et 
al., 2012); the tomato Eix1 and Eix2 receptors, which mediate perception of the 
cell wall–derived ethylene-inducing xylanase (Eix) from Trichoderma species 
(Ron and Avni, 2004) and; the tobacco EILP protein, which responds to a cell 
wall elicitor from Phytophthora infestans (Takemoto et al., 2000).  
   164 
The LRR domains of these proteins differ in the number of repeats and in the 
sequence of non-LRR residues within the LRR motif. Thus, while I-7 has a LRR 
domain of 30 repeats, Cf-9 has 28 (Jones et al., 1994), Cf-2 has 38 (Dixon et al., 
1996), Ve1 has 38 (Kawchuk et al., 2001), Eix2 has 31 (Ron and Avni, 2004) and 
EILP has 28 (Takemoto et al., 2000). Nevertheless, these proteins show 
conserved N- and C-terminal regions encompassing three N- and ten C-
terminal LRRs that contain two or four conserved cysteine residues involved in 
disulphide bonds at the N-terminus and two conserved cysteine residues 
involved in a disulphide bond in the C-terminal LRR-flanking domain (Figure 
5.15). C-terminal conservation, including the ten C-terminal LRRs and C-terminal 
LRR-flanking domain, is thought to reflect interaction with a downstream 
signalling partner. The intervening LRRs, which vary in number and sequence 
between LRR-RLPs, are involved in recognition of specific avirulence 
proteins/molecular patterns (Wulff et al. 2009; Thomas et al, 1997, 1998; Van der 
Hoom, 2001; Chakrabarti, 2009). Several LRR-RLPs contain a potential 
endocytosis motif e.g. a di-leucine E/DXXXLø(in Ve1) or tyrosine YXXø  (in Ve1, 
Eix1 and Eix2) motif, where ø is any amino acid with a hydrophobic side chain 
(Kawchuk, 2000; Fradin, 2014; Ron, 2014) (Figure 5.13). Like Ve1, Eix1 and Eix2, I-7 
possesses a potential endocytosis signal sequence (YVKF) in its cytosolic tail. 
However, the motif is not well conserved in sequence or position among LRR-
RLPs, and mutation experiments have shown that the E/DXXXLø and YXXø 
motifs of Ve1 are not required for function (Zhang et al., 2014). Similarly, 
Chakrabarti and Jones (unpublished) have shown that mutation of the Y or W 
of the YXXø motif of Cf-9 does not affect Avr9-dependent necrosis. In contrast, 
mutation of the Y in the YXXø motif of Eix2 abolishes the EIX response (Ron and 
Avni, 2004). The role of the YVKF motif in I-7 function will need to be determined 
experimentally. 
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N-terminal region 
 
I-7     1 MEYQQ-------LLIAFCFYSLFVQQSQFAYAG--KHLCPRDQAFYLLQFKQGLTVDPNAYD--------CENKARSKTL 
Cf-9    1 MDCVK---------LVFLMLYTFLCQLALSSSL--PHLCPEDQALSLLQFKNMFTINPNASDYCYDIRTYVDIQSYPRTL 
Cf-2    1 MMMVSR------KVVSSLQFFTLFYLFTVAFA-------STEEATALLKWKATF-----------------KNQNNSFLA 
EILP    1 MMMVG-------KLFSLLHFFTLFCLFTVTFA-------STKEATALLKWKATL-----------------QNQSNSLLV 
Ve1     1 MKMMATLYFLWLLLIPSFQILSGYHIFLVSSQ------CLDDQKSLLLQFKGSLQY---------------DSTLSKKLA 
EIX2    1 MGKRT----NPRHFLVTWSLLLLETAFGLTSREVNKTLCIEKERGALLEFKRGL------------------NDDFGRLS 
 
                                  VxxLxLxxxxL         xGxIxxxxxLxxLxxLxxLxLxxNxLxGx-IPxxLx 
I-7    64 SWNV-TGDCC-EWDGVTCNGLTGHVIGLDLSCSFL---------IGTINANSSLTKLSHLQRLNLASNEFNDFPLGNSTS 
Cf-9   70 SWNK-STSCC-SWDGVHCDETTGQVIALDLRCSQL---------QGKFHSNSSLFQLSNLKRLDLSFNNFTGSLISPKFG 
Cf-2   51 SWIP-SSNACKDWYGVVC--FNGRVNTLNITNASV---------IGTLY-AFPFSSLPSLENLDLSKNNIYGT-IPPEIG 
EILP   50 SWTP-SSKACKSWYGVVC--FNGRVSKLDIPYAGV---------IGTLN-NFPFSSLPFLEYIDLSMNQLFGS-IPPEIG 
Ve1    60 KWNDMTSECC-NWNGVTCN-LFGHVIALELDDETI---------SSGIENSSALFSLQYLESLNLADNMFNVG-IPVGIA 
EIX2   59 TWGD-EEECC-NWKGIECDKRTGHVIVLDLHSEVTCPGHACFAPILTGKVSPSLLELEYLNFLDLSVNGFENSEIPRFIG 
 
          xLxxLxxLxLxxNxLxG   xIPxxLxxLxxLxxLxLxx 
I-7   133 ELSSLTHLNLSDSGIFNERKMIPPGLCKLSKLISLDLSG 
Cf-9  139 EFSNLTHLDLSHSSFTG---LIPSEICHLSKLHVLRICD 
Cf-2  117 NLTNLVYLDLNNNQISG---TIPPQIGLLAKLQIIRIFH 
EILP  116 KLTNLVYLDLSFNQISG---TIPPQIGSLAKLQTLHILD 
Ve1   128 NLTNLKYLNLSNAGFVG---QIPITLSRLTRLVTLDLST 
EIX2  137 SLKRLEYLNLSSSDFSG---EIPAQFQNLTSLRILDLGN 
 
 
 
C-terminal region 
 
          LxxLxxLxxLxLxxNxLxGxIPxxLx--xLxxLxxLxLxxNxLxGxIPxxLxxLxxxLxxLxLxxNxLxGxIPxxLxxLx 
I-7   544 VWHSEYLSYLNLENNFLQGPLHQSIC--DLINLEFLILAQNNFNGSIPDCLGNSNRLISILDLRMNNFHGEIPTFLPRG- 
Cf-9  449 LLNQKNLQLLLLSHNNISGHISSAIC--NLKTLILLDLGSNNLEGTIPQCVVERNEYLSHLDLSKNRLSGTINTTFSVGN 
Cf-2  691 LGNISNLQVLSMSSNSFSGELPSSIS--NLTSLQILDFGRNNLEGAIPQCFGNISS-LEVFDMQNNKLSGTLPTNFSIGC 
EILP  450 LINISRLQVLKIPDNNLSEEIPSSIC--NLTSLRILDLSRNNLKGSIPQCFGDMGGHLEVLDIHKNGISGTLPTTFRIGS 
Ve1   645 GKSLGFASFFSVANNGITGIIPESIC--NCSYLQVLDFSNNALSGTIPPCLLEYSTKLGVLNLGNNKLNGVIPDSFSIGC 
EIX2  600 LVP-ANIQIFYLHKNHFSGSI-SSICRNTIGAATSIDLSRNQFSGEVPDCWMNMSN-LAVLNLAYNNFSGKVPQSLGSLT 
 
          xLxxLxLxxNxLxGxIPxxLxxLxxLxxLxLxxNxLxGxIPxxLxx-LxxLxxLxLxxNxLxGxIPxxxxxxxLxxLxxL 
I-7   621 -LEYLGLYGNQLRGQVPRSLVNRTSLVALDLGNNKLNDTFPIWLEK-LPNLQVLILKSNLFHGPIGDLESEFPFPELRIF 
Cf-9  527 ILRVISLHGNKLTGKVPRSMINCKYLTLLDLGNNMLNDTFPNWLGY-LFQLKILSLRSNKLHGPIKSSGNTNLFMGLQIL 
Cf-2  768 SLISLNLHGNELEDEIPRSLDNCKKLQVLDLGDNQLNDTFPMWLGT-LPELRVLRLTSNKLHGPIRSSRAEIMFPDLRII 
EILP  528 VLRSFTLHENELEGKIPRSLANCKELQVLDLGDNLLNDTFPMWLGT-LPKLQVLRLKSNKLYGSIRTSKDENMFLELRII 
Ve1   723 ALQTLDLSANNLQGRLPKSIVNCKLLEVLNVGNNRLVDHFPCMLRN-SNSLRVLVLRSNKFYGNLMCDVTRNSWQNLQII 
EIX2  677 NLEALYIRQNSFRGMLP-SFSQCQLLQILDIGGNKLTGRIPAWIGTDLLQLRILSLRSNKFDGSIPSLICQLQF--LQIL 
 
          xLxxNxLxGxIPxxxLxxLxxLxxL                                    LxxLxxLxxLxxLxLxxNx 
I-7   699 DLSFNGFTGTLSSNLFKSFRGMMDADEGKSG----ISRAR--NRTRRDYLYHVSLVIKGNEFD-MRITSIMTSVDLSSNR 
Cf-9  606 DLSSNGFSGNLPERILGNLQTMKEIDESTGF----PEYIS--DPYDIYYNYLTTISTKGQDYDSVRILDSNMIINLSKNR 
Cf-2  847 DLSRNAFSQDLPTSLFEHLKGMRTVDKTMEE----PSYES-------YYDDSVVVVTKGLELEIVRILSLYTVIDLSSNK 
EILP  607 NLSYNAFTGNIPTSLFQQLKAMRKIDQTVKE----PTYLGKFGADIREYNYSVTVTTKGLELKLVRILTVYIIIDLSSNR 
Ve1   802 DIASNNFTGVLNAEFFSNWRGMMVADDYVETGRNHIQYEF-LQLSKLYYQDTVTLTIKGMELELVKILRVFTSIDFSSNR 
EIX2  754 DLSENGLSGKIPQ-CLNNFTILRQENGSGESMDFKVRYDY--IPGSYLYIGDLLIQWKNQESEYKNALLYLKIIDLSSNK 
 
          LxGxIPxxLxxLxxLxxLxLxxNxLxGxIPxxLxxLxxLxxLxLxxNxLxGxIPxxLxx-LxxLxxLxLxxNxLxGxIP    
I-7   772 FEGDIPNSIGNLSSLVLLNLSHNSFRGHIPAEFTKLQQLEALDLSWNRLIGEIPGQLSS-LTFLEVLNLSYNHLAGRIPI 
Cf-9  680 FEGHIPSIIGDLVGLRTLNLSHNVLEGHIPASFQNLSVLESLDLSSNKISGEIPQQLAS-LTFLEVLNLSHNHLVGCIPK 
Cf-2  916 FEGHIPSVLGDLIAIRILNVSHNALQGYIPSSLGSLSILESLDLSFNQLSGEIPQQLAS-LTFLEFLNLSHNYLQGCIPQ 
EILP  683 FEGHVPSIMGELIALRVLNLSRNGLQGHIPPSLGNLFVIESLDLSFNQLSGEIPQQIASQLTSLAVLNLSYNHLQGCIPQ 
Ve1   881 FQGAIPDAIGNLSSLYVLNLSHNALEGPIPKSIGKLQMLESLDLSTNHLSGEIPSELAS-LTFLAALNLSFNKLFGKIPS 
EIX2  831 LVGGIPKEIAEMRGLRSLNLSRNDLNGTVVEGIGQMKLLESLDLSRNQLSGMIPQGLSN-LTFLSVLDLSNNHLSGRIPS 
 
           
I-7   851 GKQFNTFPNDSYCGNPDLCGFPLSMECGNN-NE--SPLERDDSDDDDDDSFFMSGFTWEAVAIGYGCGM--IFGLLIGAL 
Cf-9  759 GKQFDSFGNTSYQGNDGLRGFPLSKLCGGE-DQVTTPAELDQEEEEEDSPM----ISWQGVLVGYGCGL--VIGLSVIYI 
Cf-2  995 GPQFRTFESNSYEGNDGLRGYPVSKGCGKD-PVSEKNYTVSALEDQESNSEFFNDF-WKAALMGYGSGL--CIGISMIYI 
EILP  763 GPQFHTFENNSYEGNDGLRGFPISKGCGND-RVSETNNTVSTLDDQESTSEFLNDF-WKAALMGYGSGL--CIGLSILYF 
Ve1   960 TNQFQTFSADSFEGNSGLCGLPLNNSCQSNGSASESLPPPTPLPDSDDEWEFI------FAAVGYIVGA--ANTISVVWF 
EIX2  910 STQLQSFDRSSYSGNAQLCGPPLEECPGYA-PPIDRGSNTNPQEHDDDDEFSSLEF-YVSMVLGFFVTFWGILGCLIVNR 
 
 
I-7   926 MFLLEKPKWYVKFAEDIAQQIAAKKRTRQKKIRQRRGVRMN- 
Cf-9  832 MWSTQYPAWFSRMDLKLEHIITTKMKKHKKRY---------- 
Cf-2 1071 LISTGNLRWLARIIEKLEHKIIMQRRKKQRGQRNYRRRNNHF 
EILP  839 MISTGKLKWLSRITEWLQNRFII------------------- 
Ve1  1032 YKPVK--KWFDKHMEKCLLWFSRK------------------ 
EIX2  988 SWRNAYFTFLTDMKSWLHMTSRVCFARLKGKLRN-------- 
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Figure 5.15 Alignment of N- and C-terminal regions conserved between I-7 and other 
tomato and tobacco LRR-RLPs. Sequences were aligned using the EMBL-EBI MAFFT 
server at http://www.ebi.ac.uk/Tools/msa/mafft/ and the alignment was shaded using 
the ExPASy BoxShade server at http://www.ch.embnet.org/software/BOX_form.html. 
Amino acid identities are highlighted in black. Amino acid similarities are highlighted in 
grey. In leucine-rich repeat regions the consensus sequence is shown above the 
alignment and amino acid identities for non-consensus residues have been highlighted 
in bright green and amino acid similarities for non-consensus residues have been 
highlighted in dark green. Conserved cysteine residues known to be involved 
(connecting lines) or potentially involved in disulphide bonding have been highlighted 
in blue. Conserved N-glycosylation motifs have been highlighted in red. LRR-RLP 
sequences were derived from Genbank accessions AAA65235 (tomato Cf-9 resistance 
protein), AAC15779 (tomato Cf-2 resistance protein), BAA88636 (tobacco elicitor-
inducible LRR receptor-like protein EILP), ACR33106 (tomato Ve1 resistance protein) and 
AAR28378 (tomato ethylene-inducing xylanase receptor EIX2). 
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The similarity between I-7 and Cf, Ve1, Eix2 and EILP proteins, raises the 
possibility that I-7 could be either a resistance protein or a PRR. If I-7 were a 
resistance protein we would expect I-7 to recognise a Fol specific Six effector, 
but if I-7 was a PRR we would expect it to recognise a molecule shared 
between fungal pathogens.  
 
This study also shows that I-7 belongs to a small gene family in tomato. Other 
members of the family include an adjacent I-7 paralogue in Tristar, I-7 
orthologues on chromosome 8 in S. lycopersicum Heinz 1706 and S. pennellii 
LA716, and I-7 paralogues on chromosome 6 in S. lycopersicum Heinz 1706 and 
on chromosomes 6 and 8 in S. pennellii LA716. Analysis of the predicted protein 
sequences of members of this family revealed that I-7 is more closely related to 
its orthologues than its paralogues, with only a few amino acid differences 
compared to its orthologue in LA716 (20 amino acid differences out of 966). 
Similarly, I-7 paralogues are more closely related to one another than to I-7 or its 
orthologues.  
 
Protein sequence analysis showed that most of the amino acid differences 
between I-7 and its homologues are among predicted solvent exposed β-
strand residues clustered within LRRs 14-19. LRR domains generally fold into a 
superhelical structure (Enkhbayar et al., 2004) with a parallel β-sheet on the 
concave side and mostly helical elements on the convex side, providing a 
structural framework for the presentation of amino acids involved in protein-
protein interactions (Kobe and Kajava, 2001). Solvent exposed residues of a 
conserved β-strand/β-turn structural motif are often determinants of recognition 
specificity in LRR proteins (Kobe and Deisenhofer, 1994; Jones and Jones, 1997). 
Research using domain swaps and gene shuffling between Cf-4 and Cf-9 have 
shown that most of the amino acids that distinguish Cf-4 and Cf-9 recognitional 
specificity are putative solvent-exposed amino acids of the β-strand/β-turn 
structural motif (Parniske et al., 1997, van der Hoorn et al., 2001, Wulff et al., 
2001, 2009). Also, studies making chimeras between Cf-9 and its paralogue Cf-
9B identified five putatively solvent exposed amino acids in the central LRR, as 
the major determinants of Cf-9 specificity (Wulff et al., 2009). And although Cf-
9B recognises Avr9B (Panter et al., 2002, Parniske et al., 1997), the introduction 
of these residues into Cf-9B allowed recognition of Avr9 (Wulff et al., 2009).  
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Research using domain swaps between Ve1 and Ve2 demonstrated that the 
LRR regions between LRR 1 and 8, as well as between LRR 20 and 23, are 
required for Ve1-mediated resistance and are proposed to contribute to ligand 
binding (Zhang et al., 2014). Similar studies using domain swaps or gene 
shuffling between I-7 and its orthologues and paralogues, especially within the 
LRR domain, might help elucidate important sequence determinants of I-7 
function and recognitional specificity.  
 
Protein sequence analysis also revealed more than 50% of the putative N-
glycosylation sites showed polymorphisms for presence/absence among I-7 
and its orthologues and paralogues. N-glycosylation (glycosylation of 
asparagine residues), is a crucial co-translational modification of secreted 
proteins that occurs in all eukaryotic cells. Plant LRR domains are often 
characterised by a large number of putative N-glycosylation sites (NxS/Tx motifs 
where x is any amino acid except P). For example, Cf-9 contains 22 putative N-
linked glycosylation sites in its extracellular domain, of which 19 are evenly 
distributed over different LRRs (van der Hoorn et al., 2003). Functional and 
structural studies showed that the putative N-linked glycosylation sites not only 
contribute to Cf-9 activity but are essential when located in the putative helical 
regions of the LRR domain (van der Hoorn et al., 2005). More recently, 
functional studies between N-glycosylation mutants of the Arabidopsis receptor 
kinases (EFR and FLS2) and their bacterial interactors (elf18 from elongation 
factor Tu and flg22 from flagellin) showed that a single N-glycan plays a crucial 
role in receptor abundance and ligand recognition (Haweker et al., 2010). 
Given the important role of N-glycosylation sites in the function of various LRR 
containing proteins, it is possible that polymorphisms for the presence/absence 
of putative N-glycosylation sites among I-7 family members might have an 
impact on the abundance and activity of these proteins. More importantly, it 
would be interesting to investigate the contribution to resistance protein 
function of the putative N-glycosylation site that is unique to I-7. 
 
Several resistance genes and PRR genes have been cloned in recent years and 
many have been shown to occur in gene clusters. The I-2 gene is a member of 
the tomato I2C multigene family and there are seven homologous genes at the 
I-2 locus (Simons et al., 1998). The Pto gene (for resistance to races of 
Pseudomonas syringae pv. tomato) is located in a cluster of at least six related 
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genes (Martin et al., 1993; Salmeron et al., 1996). Furthermore, the LRR-RLP 
genes Cf-2, Cf-9 and Cf-9B are members of small clustered multigene families. 
The tomato Cf-2 locus contains two almost identical genes (Cf-2.1 and Cf-2.2), 
both conferring resistance to isolates of C. fulvum expressing Avr2 (Dixon et al., 
1996). The Cf-9 locus also contains two resistance genes, Cf-9 which confers 
resistance to isolates of C. fulvum expressing Avr9 (Jones et al., 1994) and Cf-9B, 
which recognises a different elicitor and only confers resistance in mature 
plants (Panter et al., 2002). The Ve locus also contains two highly homologous 
genes, Ve1 and Ve2, but only Ve1 mediates resistance against race 1 
Verticillium strains in tomato (Kawchuk et al., 2001). In the same way, the Eix 
locus contains two homologous members of the Eix family, Eix1 and Eix2, whose 
products act as receptors for the fungal elicitor Eix (Ron and Avni, 2004). 
Despite the fact that both Eix1 and Eix2 are able to bind Eix, only Eix2 mediates 
Eix-induced defence. However, Eix1 attenuates Eix-induced internalization and 
signalling, and heterodimerizes with Eix2 upon application of the fungal elicitor 
(Bar et al., 2010, 2011) 
 
In the case of I-7 and its adjacent paralogue in Tristar, and in the context of 
what is known about LRR-RLP resistance genes and PRRs, it is unlikely that the 
two genes have the same specificity like Cf-2.1 and Cf-2.2, given that they 
differ quite a lot from one another (88% nucleotide identity). Also, it is unlikely 
that I-7 and its adjacent paralogue are co-receptors like Eix1 and Eix2, although 
nothing is known about the I-7 signalling pathway or any elicitor(s) it might 
recognise. On the other hand, the adjacent paralogue could be a gene of 
different specificity like Cf-9B adjacent to Cf-9, or it could be a non-functional 
gene like Ve2 adjacent to Ve1. To answer these questions, it is crucial to carry 
out studies that allow identification of the Avr7 elicitor (if one exists), and to 
isolate the paralogue adjacent to I-7 in order to test whether it also confers 
resistance to Fol race 3. 
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Chapter 6. Further characterisation of the I-7 gene 
 
6.1 Introduction 
 
Chapter 5 described the identification of Solyc08g077740, a gene encoding a 
LRR-RLP, as the I-7 gene. This chapter reports the further characterisation of the 
I-7 gene. It details work carried out to investigate whether I-7 resistance is 
dependent on the downstream signalling gene EDS1, and to determine if I-7, 
like I-3, confers resistance to Fusarium oxysporum f. sp. lycopersici (Fol) race 3 
through recognition of the effector protein Avr3. This chapter also describes 
experiments to investigate whether I-7 confers resistance to Fol races 1 and 2 in 
addition to Fol race 3.  
 
6.1.1 The interaction between tomato and Fol is race cultivar-specific 
 
As described in Chapter 1, the interaction between tomato and Fol is 
controlled by the “gene-for-gene hypothesis” (Flor, 1942), where products of 
each dominant avirulence (Avr) gene in Fol interact with the product of a 
resistance (R) gene in the tomato plant leading to activation of plant defence 
responses. Fol secretes effector proteins during infection that promote plant 
colonization and contribute to pathogenicity (Catanzariti and Jones, 2010, 
Takken and Rep, 2010). Because several of these effectors can be recognised 
by specific tomato disease resistance proteins, they function as avirulence (Avr) 
proteins. These resistance proteins control Fusarium wilt disease in tomato. I, I-2 
and I-3 confer resistance though recognition of Avr1, Avr2, and Avr3, 
respectively (Houterman et al., 2008, Houterman et al., 2009, Rep et al., 2004). I-
7 is known to confer resistance to Fol race 3, but it is not known whether this 
resistance occurs through recognition of Avr3. Nor is it known if I-7 also confers 
resistance to Fol race 1 or race 2, previously untestable because the Tristar line, 
which carries I-7, also contains S. pimpinellifolium introgressions carrying I and I-2 
(Section 3.3.3). However, the generation of a Moneymaker line carrying the I-7 
transgene (Chapter 5) allowed these disease assays to be carried out.  
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6.1.2 EDS1 is required as a downstream signalling component for TIR-NBS-LRR 
and several LRR-RLP resistance genes 
 
EDS1 (Enhanced Disease Susceptibility1) is a regulator of basal defence and 
effector triggered immunity in Arabidopsis and various Solanaceous species 
(Bonardi and Dangl, 2012). EDS1 was first identified in Arabidopsis, as a gene 
required for resistance mediated by TIR-NBS-LRR proteins (Century et al., 1995, 
Glazebrook et al., 1996, Martin et al., 2003, Parker et al., 1996) as well as basal 
defences (Parker et al., 1996). A tomato EDS1 orthologue was identified in a 
forward genetic screen by Hu et al. (2005). This study used fast-neutron 
mutagenized seed from a transgenic tomato line carrying the tobacco N gene, 
a TIR-NBS-LRR gene conferring resistance to tobacco mosaic virus (TMV) to 
identify the sun1-1 (suppressor of N) mutant, which disrupted N-mediated 
resistance. Positional cloning of Sun1-1 identified the gene as an EDS1 
orthologue. Similar to Arabidopsis EDS1, the tomato EDS1 gene functions in both 
basal and resistance gene-mediated defence against multiple pathogens, in 
pathogenesis-related gene expression, and in the salicylic acid signalling 
pathway (Hu et al., 2005). The involvement of EDS1 in basal defence in tomato 
was suggested by experiments showing that sun1-1 mutant plants were more 
susceptible to invading pathogens than Sun1-1 wild-type plants. The role for 
EDS1 in resistance gene-mediated defence in tomato was further established 
by experiments showing that the sun1-1 mutation not only impairs N-mediated 
resistance but also impairs resistance mediated by the TIR-NBS-LRR resistance 
gene Bs4, conferring resistance to Xanthomonas campestris, as well as the LRR-
RLP resistance gene Ve1 (Hu et al., 2005). The EDS1 requirement by Ve1 has also 
been shown by virus-induced gene silencing experiments in tomato (Fradin et 
al., 2009). Moreover, EDS1 has also been shown to be required for Cf-4 function 
(Gabriels et al., 2007). On the other hand, the sun1-1 mutation had no effect on 
resistance mediated by the Mi-1 gene (for resistance to the root-knot 
nematode Meloidogyne incognita), which belongs to the CC-NBS-LRR class of 
resistance genes (Hu et al., 2005). So, in view of the fact that I-7 encodes a LRR-
RLP, and EDS1 has been reported to be required for resistance mediated by at 
least two LRR-RLPs, experiments were carried out to investigate whether I-7 -
resistance is EDS1 dependent.  
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6.2 Material and methods 
 
6.2.1 Plant and fungal material 
 
To determine if I-7 confers resistance to Fol race 3 through recognition of Avr3, 
disease assays with Fol race 3 (Fol029) and Fol race 3 carrying a knockout of 
Avr3 (Fol029ΔAvr3) were done on Tristar (I-7) and the T2 line 253-2 carrying I-7 in 
a Moneymaker background. IL7-3 (I-3), M82 (susceptible to Fol race 3) and 
Moneymaker (susceptible to Fol race 3) were also used as controls. Fol029 and 
Fol029ΔAvr3 were supplied by Martijn Rep (University of Amsterdam, The 
Netherlands). 
 
To determine whether I-7 resistance is dependent on EDS1, disease assays with 
Fol race 3 (Australian isolate #1943) were done on sun1-1 × Tristar F2 plants, with 
the parent lines Tristar and sun1-1 (eds1 mutant) used as controls. Seeds from 
the tomato sun1-1 mutant were supplied by Barbara Baker (University of 
California, Berkeley, USA). The sun1-1 mutant was crossed as pollen donor to 
Tristar and the resultant F1 was selfed to obtain F2 seed.  
 
To determine if I-7 confers resistance to Fol races 1 and 2, disease assays with 
Fol004 (race 1) and Fol007 (race 2) were done using the T2 line 253-2 carrying I-
7 in a Moneymaker background. The tomato lines Tristar and Moneymaker 
were used as a controls. Both Fol004 and Fol007 were supplied by Martijn Rep. 
 
6.2.2 PCR screening of plant material 
 
6.2.2.1 Screening for the presence of the I-7 transgene 
 
T2 seedlings were screened before disease assays for presence of the I-7 
transgene using a Phire Plant Direct Kit (Thermo Scientific, Wilmington, USA) and 
a multiplex PCR reaction using the CAPS 7774 marker (targeting the 
endogenous Solyc08g077740 gene) and 7774TriF4 forward and M13 reverse 
primers (targeting the transgene) as described in Section 5.2.4.1. 
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6.2.2.2 Screening for the presence of the EDS1 gene 
 
sun1-1 × Tristar F2 seedlings were screened for the presence of the EDS1 gene 
by using the Phire Plant Direct Kit  and three primers; an EDS1 reverse primer 
(CCTGCTGCACGAAGACACAG, from Hu et al., 2005) downstream of the 
deletion in sun1-1 and two forward primers. The first forward primer 
(TGCTTGCTCCTCTTTCATCA) anneals to the EDS1 region that is deleted in sun1-1 
plants, allowing amplification of the EDS1 gene. The EDS1 first forward primer 
was designed manually using the EDS sequence available at the SGN website 
(http://solgenomics.net/). The second forward primer 
(GTAGGGGTGTTCGTGATTCGATTTG, from Hu et al., 2005) anneals upstream of 
the sun1-1 deletion and, in combination with the EDS1 reverse primer, allows 
amplification of a PCR product that spans the 8.1 kb deletion in the sun1-1 
mutant. Gel electrophoresis was done as described in Section 3.2.5. 
 
6.2.3 Disease assays 
 
Tomato seedlings were inoculated by dipping their roots in a Fol conidial 
suspension of 1x107 or 5x106 conidia per mL. Mock-inoculated plants (roots 
dipped in deionized water) were used as controls. The preparation of Fol 
conidia and inoculation of seedlings is described in Section 2.2.8. After 
inoculation, plants were kept in a growth chamber on a 25°C 16 hour day/20°C 
8 hour night cycle. Plants were kept for 20-21 days before wilt symptoms and 
vascular browning were recorded and used to calculate a disease score using 
the criteria of Rep et al., (2005) as described in Section 4.2.1. Average disease 
scores were tested for significant differences using non-parametric tests; the 
Mann-Whitney test for pair wise comparisons and the Kruskal-Wallis test for 
comparisons of three or more average disease scores. These tests were 
available online at http://vassarstats.net/index.html. 
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6.3 Results 
 
6.3.1 I-7 confers resistance to Fol race 3 through recognition of an effector 
protein other than Avr3 
 
In order to establish whether I-7 confers resistance to Fol race 3 through 
recognition of Avr3, disease assays were done using a Fol race 3 strain in which 
the Avr3 gene had been deleted (Fol3ΔAvr3) by homologous recombination 
(van der Does et al., 2008a). Tomato cv. Tristar (I-7), IL7-3 (I-3), and M82 
(susceptible to Fol race 3) were challenged with either Fol race 3 or Fol3ΔAvr3, 
or mock inoculated. Three weeks after inoculation, plants were examined for 
wilt symptoms and vascular browning.  
 
As expected, all the mock-inoculated plants were healthy and did not show 
wilting symptoms or vascular browning (data not shown). IL7-3 contains the I-3 
resistance gene, which confers resistance to Fol race 3 through recognition of 
Avr3 (Rep et al., 2004). After 21 dpi, IL7-3 plants inoculated with Fol race 3 
remained healthy and did not show wilting symptoms (Figure 6.1) or vascular 
browning, giving a disease score of 0 (Figure 6.2). On the other hand, IL7-3 
plants inoculated with Fol3ΔAvr3 displayed strong wilting symptoms (Figure 6.1) 
and vascular browning, giving an avaerage disease score of 2.4 (Figure 6.2), 
which was significantly higher than the average disease score for the IL7-3 
plants inoculated with Fol race 3 (p = 0.0001). This result was expected given 
that I-3 confers resistance to Fol race 3 through recognition of Avr3. M82 plants, 
inoculated with Fol race 3, showed strong disease symptoms or were dead at 
21 dpi (Figure 6.1). The disease score calculated for these plants was 3.1 (Figure 
6.2). However, the M82 plants inoculated with Fol3ΔAvr3 showed less disease 
symptoms compared to plants inoculated with wild-type Fol race 3, owing to 
the fact that Avr3 is required for full virulence of the fungus (Figure 6.1). The 
average disease score calculated for these plants was 1 (Figure 6.2), which was 
significantly lower than the average disease score for M82 plants inoculated 
with Fol race 3 (p = 0.0006) but not significantly higher from the average disease 
score for IL7-3 plants inoculated with Fol race 3 (p = 0.063). This result was 
unexpected and, given that Fol3ΔAvr3 caused more severe disease symptoms 
on IL7-3, could not be explained. Moreover, M82 plants consistently showed less 
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disease symptoms than IL7-3 plants when inoculated with Fol3ΔAvr3 in all six 
repetitions of the experiment. 
 
 
 
 
 
 
 
 
Figure 6.1 Disease assays on Tristar, IL7-3 and M82 plants inoculated with Fol race 3 and 
Fol3Avr3. (A) Photos taken at 21 dpi of IL7-3 (I-3), M82 (susceptible to Fol race 3), and 
(B) Tristar (I-7) inoculated plants. 
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Tristar plants showed few or no disease symptoms and remained healthy after 
infection with either Fol race 3 or Fol3ΔAvr3 (Figure 6.1). The average disease 
score was 0 for Fol race 3, and 0.38 for Fol3ΔAvr3 inoculated plants, which were 
not significantly different from the average disease score of 0 for IL7-3 plants 
inoculated with Fol race 3 (p = 0.58), but significantly lower than those for the 
IL7-3 plants inoculated with Fol3ΔAvr3 (p = 0.0012) (Figure 6.3). The fact that 
Tristar plants inoculated with Fol with or without Avr3 showed few or no disease 
symptoms indicates that I-7 confers resistance to Fol race 3 through recognition 
of an effector protein other than Avr3. This experiment was repeated six times 
and in each case showed similar results.  
 
 
 
 
 
Figure 6.2 Disease scores for Tristar, IL7-3 and M82 plants inoculated with Fol race 3 
and Fol3ΔAvr3.Two-week-old seedlings were inoculated with Fol race 3 (Fol3) or Fol 
race 3 carrying a knockout of Avr3 (Fol3ΔAvr3) and scored after 21 days (data 
corresponds to plants shown in Figure 6.1). Inoculated plants included: Tristar (n=8), 
IL7-3 (n=15) and M82 (n=15).  Disease scores: 0 = no reaction, healthy plant, 1 = 
slightly swollen or bent hypocotyl; 2 = one or two brown vascular bundles in 
hypocotyl; 3 = at least two brown vascular bundles and growth distortion (strong 
bending of the stem and asymmetric development); 4 = all vascular bundles are 
brown; plant either dead or very small and wilted. 
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To further test whether I-7 recognises Avr3, an additional disease assay was 
carried out with T2 seedlings from the line 253-2 carrying I-7 in a Moneymaker 
background. Two-week-old transgenic T2 seedlings as well as non-transgenic 
siblings were inoculated with Fol race 3 or Fol3ΔAvr3, or mock inoculated. 
Tomato cv. Tristar (I-7) and IL7-3 (I-3) were also included as controls in this 
experiment. Inoculated plants were examined for wilt symptoms and vascular 
browning after 21 days. Mock-inoculated plants of all tomato lines were healthy 
and did not show wilting symptoms or vascular browning (data not shown).  
 
IL7-3 plants inoculated with Fol race 3 did not show any disease symptoms and 
the disease score was 0, while IL7-3 plants inoculated with Fol3ΔAvr3 were 
susceptible, as evident by wilting symptoms, vascular browning and an 
average disease score of 2.1 (Figures 6.3 and 6.4).  
 
In agreement with the previous experiments, most of the Tristar plants remained 
healthy after inoculation with Fol race 3 or Fol3ΔAvr3. One plant (out of ten) 
inoculated with Fol race 3, and four plants (out of ten) inoculated with 
Fol3ΔAvr3 displayed vascular browning or mild wilting symptoms at 21 dpi. The 
Tristar plants inoculated with Fol race 3 had an average disease score of 0.2, 
whereas those inoculated with Fol3ΔAvr3 had an average disease score of 0.8 
(Figures 6.3 and 6.4). Similar to Tristar, most of the T2 plants carrying I-7 showed 
no wilting symptoms or vascular browning at 21 dpi with Fol race 3 or Fol3ΔAvr3. 
Only two plants (out of ten) inoculated with Fol3ΔAvr3 showed disease 
symptoms, one plant had a bent hypocotyl and one plant had vascular 
browning and mild wilting symptoms. The average disease score calculated for 
the T2 plants inoculated with Fol race 3 was 0 and for those inoculated with 
Fol3ΔAvr3 was 0.3 (Figures 6.3 and 6.4), scores that were not significantly 
different from Tristar plants inoculated with Fol race 3 or Fol3ΔAvr3 or IL7-3 plants 
inoculated with Fol race 3 (p = 0.49). Conversely, the average disease score of 
2.1 for IL7-3 plants inoculated with Fol3ΔAvr3 was significantly lower than that for 
the T2 plants or Tristar plants inoculated with Fol3ΔAvr3 or wild-type Fol race 3 (p 
= 0.022) (Figures 6.3 and 6.4). 
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Figure 6.3 Disease assays on T2 plants inoculated with Fol race 3 or Fol3ΔAvr3. (A) 
Photos taken at 21 dpi of IL7-3 (I-3), Tristar (I-7), (B) T2 seedlings (line 253-2) carrying I-7 
and, non-transgenic siblings (NT) inoculated with Fol race 3 or Fol3Avr3. 
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Figure 6.4 Disease scores for T2 plants inoculated with Fol race 3 or Fol3ΔAvr3. Two-
week-old seedlings were inoculated with Fol race 3 (Fol3) or Fol3ΔAvr3 (Fol3ΔAvr3)and 
scored after 21 days (data corresponds to plants shown in Figure 6.3). Inoculated plants 
included: Tristar (n=10), IL7-3 (n=10), a T2 line carrying I-7 in a Moneymaker background 
(n=10) and its non-transgenic siblings (NT; n=8 for Fol3; n=10 for Fol3ΔAvr3). Disease 
scores: 0 = no reaction, healthy plant, 1 = slightly swollen or bent hypocotyl; 2 = one or 
two brown vascular bundles in hypocotyl; 3 = at least two brown vascular bundles and 
growth distortion (strong bending of the stem and asymmetric development); 4 = all 
vascular bundles are brown; plant either dead or very small and wilted. 
 
 
 
Most of the T2 plants lacking I-7 (non-transgenic segregants) inoculated with Fol 
race 3 displayed wilting symptoms and vascular browning at 21 dpi (seven out 
of eight), giving an average disease score of 2.8. On the other hand, only half 
of the T2 plants lacking I-7 inoculated with Fol3ΔAvr3 displayed wilting 
symptoms and vascular browning, giving an average disease score of 1 
(Figures 6.3 and 6.4), which was significantly higher than the average disease 
scores for T2 plants lacking I-7 inoculated with Fol race 3 or IL7-3 plants 
inoculated with Fol3ΔAvr3 (p = 0.044), but not significantly lower than the 
disease scores for T2 plants carrying I-7 or Tristar plants inoculated with Fol3ΔAvr3 
(p = 0.41). As was the case for the previous experiments, this result for negative 
control plants was unexpected and again, given that Fol3ΔAvr3 caused more 
severe disease symptoms on IL7-3, could not be explained. 
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The results of this disease assay, conducted using T2 seedlings carrying I-7, 
support the results of the previous disease assays conducted using Tristar and 
confirm that I-7 confers resistance to Fol race 3 through recognition of an 
elicitor other than Avr3. 
 
6.3.2 I-7 resistance is dependent on EDS1 
 
In order to assess whether I-7 resistance to Fol race 3 is dependent on EDS1, an 
F2 population of plants was obtained from a cross between Tristar and the sun1-
1 (eds1) mutant as shown in Figure 6.5.  
 
 
Figure 6.5. Graphic representation of the cross between cv. Tristar (I-7) and the tomato 
sun1-1 (eds1) mutant showing genotypes of the resulting progeny. Tristar (I-7) and sun1-
1 (eds1) plants were crossed and the resultant F1, heterozygous for I-7 and the SUN1 
gene, was selfed to obtain F2 seed. The various F2 genotypes and their expected 
frequencies are shown. The F2 genotype shown in red, homozygous for eds1 and 
homozygous or heterozygous for I-7, was the focus for testing with Fol race 3. 
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Around 50 sun1-1 x Tristar F2 seedlings were screened by PCR for the presence 
of the eds1 mutation (Figure 6.6).  Based on these results, two sets of F2 
seedlings were selected for a disease assay, those homozygous for the eds1 
mutation (eds1/eds1), and those that were heterozygous (EDS1/eds1). These 
plants, along with the parent lines, Tristar and sun1-1, were inoculated with Fol 
race 3. During the course of the infection, the DNA samples used to screen for 
the presence of eds1 were used for to screen for the presence of I-7 using the 
CAPS 7774 marker (Figure 6.7). 
 
 
 
 
 
 
Figure 6.6 PCR screening for the presence of EDS1 and the eds1 mutation in sun1-1 x 
Tristar F2 plants. Plants containing the EDS1 gene produce a PCR product of 644 bp 
while plants carrying the eds1 mutation produce a PCR product of about 850 bp. PCR 
products amplified from genomic DNA of the parent lines (Tristar and sun1-1) are shown  
(boxed). Products were analysed by agarose (1.8%) gel electrophoresis. Presence of 
the EDS1 allele is represented by a capital E and presence of the eds1 allele by a lower 
case e. Plants with an ee genotype (homozygous for eds1; shown in red) were the 
focus of a disease assay with Fol race 3. 
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Figure 6.7 PCR screening for the presence of I-7 in sun1-1 × Tristar F2 seedlings. PCR with 
the CAPS 7774 marker generates 612 bp and 196 bp products after digestion with AgeI 
when I-7 is present but an 808 bp undigested product remains when i-7 is present. PCR 
products amplified from genomic DNA of the parent lines (Tristar and sun1-1) are shown 
(boxed). Products were analysed by agarose (1.8%) gel electrophoresis. Inferred I-7 
genotypes are shown below each set of bands. Sample numbers correspond to those 
shown in Figure 6.6. 
 
 
 
Fol race 3 inoculated sun1-1 x Tristar F2 plants and the parent lines, were 
assessed for disease symptoms after 18 days (Figures 6.8 and 6.9). Six out of ten 
Tristar plants did not show disease symptoms and remained healthy, while the 
remaining four, although mostly healthy, showed bent hypocotyls. The average 
disease score calculated for this group was 0.4. On the other hand, the sun1-1 
mutant plants displayed strong wilting symptoms and vascular browning. The 
average disease score for this group was 3.9.  
 
Fol race 3 inoculated EDS1/eds1 F2 plants, that possessed the I-7 gene (seven 
plants), were mostly healthy, with the exception of one plant that showed 
wilting symptoms. These plants had an average disease score of 1.5. Two 
EDS1/eds1 F2 plants that lacked I-7 both showed severe disease symptoms and 
had a disease score of 4 (Figures 6.8 and 6.9). The presence of I-7 was not 
determined for one plant in this group.  
 
Fol race 3 inoculated eds1/eds1 F2 plants, although segregating for I-7, all 
displayed strong wilting symptoms or were dead (Figure 6.8). Within this group, 
there were two plants that lacked I-7 and both had a disease score of 4. The 
remaining eight plants containing I-7 had an average disease score of 3.9 
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(Figure 6.9). This score was significantly higher than the average disease scores 
for Fol race 3 inoculated Tristar plants (p = 0.0004) or EDS1/eds1 F2 plants 
carrying I-7 (p = 0.0093), but not significantly different from that of the Fol race 3 
inoculated sun1-1 mutant plants (p = 0.97). These results clearly indicate that 
the eds1 mutation prevents the resistance response mediated by I-7.  
 
 
 
 
 
Figure 6.8 Disease assays on sun1-1 × Tristar F2 plants and parent lines inoculated with 
Fol race 3. Photos of Tristar (top left panel), sun1-1 mutant (top right panel), EDS1/eds1 
(segregating for I-7, middle panel) and eds1/eds1 (segregating for I-7, bottom panel) 
sun1-1 x Tristar F2 plants at 21dpi. Plant numbers correspond to sample numbers shown 
in Figures 6.6 and 6.7. 
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Figure 6.9 Disease scores for sun1-1 × Tristar F2 plants and parent lines inoculated with 
Fol race 3. Seventeen-day-old seedlings were inoculated with Fol race 3 and scored 
after 18 days (data correspond to plants shown in Figure 6.8). Plant lines include: Tristar 
(n=10), sun1-1 mutant (n=10 and, sun1-1 × Tristar F2 plants with the following genotypes, 
EDS1/eds1 with I-7 (n=7), EDS1/eds1 lacking I-7 (i-7; n=2), eds1/eds1 with I-7 (n=8) and, 
eds1/eds1 lacking I-7 (i-7; n=2). Disease scores: 0 = no reaction, healthy plant, 1 = slightly 
swollen or bent hypocotyl; 2 = one or two brown vascular bundles in hypocotyl; 3 = at 
least two brown vascular bundles and growth distortion (strong bending of the stem 
and asymmetric development); 4 = all vascular bundles are brown; plant either dead 
or very small and wilted. 
 
 
6.3.3 I-7 confers resistance to Fol races 1 and 2 
 
A disease assay was carried out on T2 plants carrying I-7 (line 253-2), to test 
whether I-7 also confers resistance to Fol race 1 and/or race 2. Eleven-day-old 
T2 seedlings (76) were screening by multiplex PCR for the presence of the 
transgene. The PCR contained two primer pairs, one pair for the endogenous i-7 
gene and the other the I-7 transgene (Figure 6.10). The screening results 
revealed 59 transgenic:16 non-transgenic siblings (with one failed sample), 
consistent with a 3:1 segregation ratio (χ21 = 1.00, p = 0.77) suggesting a single T-
DNA locus (as found previously in Section 5.3.1.3).  From these seedlings, those 
containing the transgene were selected for inoculation with Fol races 1 or 2 or 
mock inoculation.  
 
Inoculation of the transgenic seedlings with Fol race 1 revealed that I-7 confers 
resistance to Fol race 1. Both the Tristar plants and the T2 plants carrying I-7 
remained healthy after 20 dpi. In contrast, Moneymaker plants showed strong 
wilting symptoms, growth distortion and vascular browning or were dead at this 
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time point (Figure 6.11). The average disease score was 0 for both Tristar and 
the transgenic plants (no significant difference), and 3.6 (significantly higher, p 
= 0.0001) for Moneymaker (Figure 6.12). All the mock-inoculated plants 
remained healthy (data not shown). 
 
 
 
 
 
Figure 6.10  PCR screening for the presence of the I-7 transgene in T2 seedlings from line 
253-2. Multiplex PCR screening was conducted to detect the presence of the I-7 
transgene (upper band) and the endogenous i-7 gene (lower band), which is amplified 
in all samples (except for failed sample 71). Moneymaker genomic DNA, pL2-Tristar 
binary vector DNA carrying the I-7 transgene and, water (i.e. no template) were used 
as PCR controls. Products were analysed by agarose (2%) gel electrophoresis. Seedlings 
lacking the transgene are indicated by an asterisk. Samples labelled in red were tested 
two times to confirm the presence of the transgene. 
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Figure 6.11 Disease assays on Moneymaker, Tristar and T2 plants carrying I-7 inoculated 
with Fol race 1. Photos at 20 dpi of Moneymaker (top panel), Tristar (middle panel) and 
T2 seedlings carrying I-7 (line 253-2, bottom panel) inoculated with Fol race 1. 
 
 
 
 
 
Figure 6.12 Disease scores of Fol race 1 inoculated Moneymaker, Tristar and T2 
seedlings carrying I-7. Two-week-old seedlings were inoculated with Fol race 1 and 
scored after 20 days (data corresponds to plants shown in Figure 6.11). Inoculated 
plants included: Tristar, Moneymaker and a T2 line carrying I-7 in a Moneymaker 
background. n=10 plants. Disease scores: 0 = no reaction, healthy plant, 1 = slightly 
swollen or bent hypocotyl; 2 = one or two brown vascular bundles in hypocotyl; 3 = at 
least two brown vascular bundles and growth distortion (strong bending of the stem 
and asymmetric development); 4 = all vascular bundles are brown; plant either dead 
or very small and wilted. 
0% 
20% 
40% 
60% 
80% 
100% 
Tristar T2 carrying I-7 Moneymaker 
%
 o
f p
la
n
ts
 s
c
o
re
d
 
Disease scores of infected plants 
0 1 2 3 4 
   187 
Inoculation of the transgenic seedlings with Fol race 2 revealed that I-7 also 
confers resistance to Fol race 2. After 20 dpi, Tristar and the T2 plants carrying I-7 
showed no disease symptoms, while Moneymaker plants were mostly dead at 
this time point (Figure 6.13). The average disease scores were 0 for Tristar and 
0.2 for T2 plants carrying I-7 (not significantly different, p = 0.47), and 4 for 
Moneymaker (significantly higher, p = 0.0001)  (Figure 6.14).  
 
 
 
 
 
Figure 6.13 Disease assays on Moneymaker, Tristar and T2 plants carrying I-7 inoculated 
with Fol race 2. Photos of Moneymaker (top panel), Tristar (middle panel) and T2 
seedlings carrying I-7 (bottom panel) at 20 dpi. 
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Figure 6.14 Disease scores for Moneymaker, Tristar and T2 seedlings carrying I-7 
inoculated with Fol race 2. Two-week-old seedlings were inoculated with Fol race 2 and 
scored after 20 days (data corresponds to plants shown in Figure 6.13). Inoculated 
plants included: Tristar, Moneymaker and a T2 line carrying I-7 in a Moneymaker 
background. n=10 plants. Disease scores: 0 = no reaction, healthy plant, 1 = slightly 
swollen or bent hypocotyl; 2 = one or two brown vascular bundles in hypocotyl; 3 = at 
least two brown vascular bundles and growth distortion (strong bending of the stem 
and asymmetric development); 4 = all vascular bundles are brown; plant either dead 
or very small and wilted. 
 
 
 
6.4 Discussion 
 
This chapter describes several experiments, which were carried out to further 
characterise the recently identified I-7 gene. Because both, I-7 and I-3, confer 
resistance to Fol race 3, the possibility that I-7, like I-3, mediates resistance 
through recognition of the Avr3 effector protein was investigated. Results 
presented in this chapter showed that I-7 resistance is not dependent on the 
recognition of Avr3. This finding is not surprising since it is unlikely that two 
unrelated resistance genes would recognize the same Avr gene in the 
pathogen.  Now the questions that remain, and need to be addressed in future 
studies, are whether Avr7 correspond to one of the Six proteins already 
identified and, if not, what is the identity of the Avr7 effector protein? 
 
Several Six proteins have been identified (Takken and Rep, 2010, Schmidt et al., 
2013). Four of them have been confirmed as effectors (i.e. playing a role in Fol  
pathogenicity): Avr3 (Six1) recognised by I-3 (Rep et al., 2004), Avr2 (Six3) 
recognised by I-2 (Houterman et al., 2009), Avr1 (Six4) recognised by I 
(Houterman et al., 2008), and Six6 (Gawehns et al., 2014). Six5 was reported to 
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be required for I-2-mediated resistance together with Avr2 (Ma, 2012). Most 
important is the fact that this interaction provides a first example of an effector 
pair involved in ETI (Ma, 2012). The other Six proteins have only been identified 
by genomic sequencing (Schmidt et al., 2013) and proteomic analysis 
(Houterman et al., 2007) and must still be considered putative effectors. To 
investigate if I-7 recognises any of the other Six proteins (Six2, Six7, Six9, Six10, 
Six11, Six12, Six13 and Six14; transient co-expression experiments with I-7 could 
be carried out to look for a cell death response. Transient co-expression of Cf 
and Ve1 proteins and corresponding Avr effectors in tobacco leaves triggers 
necrosis and has been used successfully in several studies (Wulff et al., 2009, de 
Jonge et al., 2012, Zhang et al., 2014). 
 
The fact that some PRRs are LRR-RLPs raises the possibility that I-7 may also be a 
pattern recognition receptor. So, if I-7 turns out to be a PPR, I-7 might not detect 
an effector specific to Fol but a molecule shared between fungal pathogens. It 
has been proposed that resistance proteins and PRRs cannot strictly be 
separated, and that there is a continuum between PTI and ETI (Thomma et al., 
2011; de Jonge et al., 2012).  
 
As mentioned in Chapter 1, after RLKs, RLPs are the second major class of cell 
surface receptors in plants that contain extracellular LRRs, but unlike the RLKS 
they lack a signalling domain (Liebrand et al., 2013). It has therefore been 
proposed that LRR-RLPs require receptor-like kinases (RLKs) to activate 
downstream signalling (Liebrand et al., 2013), however the mechanism, by 
which this occurs, remains enigmatic. A number of studies have aimed at 
identifying proteins required for LRR-RLP function. The results presented in this 
chapter revealed that I-7 resistance is dependent on the downstream signalling 
gene EDS1. EDS1, together with other genes such as PAD4 and NDR1 had been 
reported as major elements required for resistance mediated by LRR-RLPs (Hu et 
al., 2005; Fradin et al., 2009), as well as critical for basal defences (Parker et al., 
1996). 
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Chapter 7. General discussion 
 
Fusarium oxysporum is a cosmopolitan plant pathogen and one of the most 
economically important because it includes formae speciales that together 
affect a wide range of crops, including tomato, banana, canola and cotton 
(Armstrong, 1981). The Fusarium-tomato interaction is an important plant-
pathogen interaction, not only because tomato is a valuable horticultural crop 
and Fusarium wilt poses a significant threat to tomato production, but also 
because it is one of the best characterised model systems for studying fungal 
pathogens of plant roots. Fusarium oxysporum f. sp. lycopersici (Fol) is 
amenable to efficient molecular genetic manipulation via Agrobacterium-
based transformation and a complete genome sequence is also available for 
Fol. Tomato is also an excellent species for genetic analysis and molecular 
genetic research because it is naturally self-pollinating, easy to cross and is 
transformable using Agrobacterium (Zamir and Tanksley, 1988). It also has a 
reasonably short generation time, relatively small diploid genome and good 
molecular genetic resources are available (Zamir and Tanksley, 1988). 
 
Several resistance genes to Fol have been identified in related wild species of 
tomato and incorporated into the cultivated tomato, Solanum lycopersicum. I-
7, which confers resistance to Fol race 3, was the primary focus of the work 
presented here. At the start of this PhD project, I-7 had only recently been 
recognised as a distinct gene from I-3 and its chromosomal location was 
unknown (Lim et al, 2006). This thesis describes the mapping, identification and 
functional characterisation of I-7; and in this chapter, I summarise and discuss 
the results of this research. 
 
7.1 The I-7 gene is the first LRR-RLP resistance gene identified against Fol 
 
Several resistance genes against Fusarium or I (Immunity) genes have been 
described. The I gene confers resistance to Fol race 1 (Bohn and Tucker, 1939, 
Paddock, 1950b); I-2, I-3, I-5 and I-6 have been reported to confer resistance to 
Fol race 2 (Alexander and Tucker, 1945, Stall and Walter, 1965, Sarfatti et al., 
1989, Ori et al., 1997, Sela-Buurlage et al., 2001); and, I-3 and I-7 confer 
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resistance to Fol race 3 (Bournival et al., 1989, Scott and Jones, 1989a, McGrath 
et al., 1987b, Lim et al., 2006). To date, the only tomato genes for resistance to 
Fusarium wilt that have been cloned are I-2 (Simons et al., 1998), I-3 (Catanzariti 
et al., 2015) and now I-7 (Chapter 5). 
 
Interestingly, resistance to Fusarium in tomato is determined by three different 
kinds of resistance genes.  I-2 encodes a CC-NB-LRR protein, I-3 encodes an 
SRLK protein and now, through the identification of I-7, another type of R gene, 
encoding a LRR-RLP, has been added to this repertoire. The existence of a 
diverse group of resistance genes against just one pathogen is unusual. In most 
plant-pathogen systems, resistance genes conferring resistance to strains of the 
same pathogen belong to just one or two classes. For example, resistance to 
strains of Cladosporium fulvum in tomato is provided by the Cf genes, which all 
encode LRR-RLPs e.g. the Cf-2, Cf-4, Cf-5, and Cf-9 genes encode polymorphic 
members of this LRR-RLP family with different resistance specificities enabling 
recognition of different avirulence proteins (Dickinson et al., 1993, Jones et al., 
1994, Dixon et al., 1996, Thomas et al., 1997). Similarly, resistance to flax rust 
(Melampsora lini) is provided by multiple alleles at the L, M, N and P loci in flax, 
which encode polymorphic TIR-NBS-LRR resistance proteins with different flax 
rust resistance specificities (Islam and Mayo, 1990, Lawrence et al., 1995, 
Anderson et al., 1997, Ellis et al., 1999, Dodds et al., 2001). Resistance to the 
oomycete Peronospora parasitica (causal agent of downy mildew) is provided 
by RPP (for resistance to Peronospora parasitica) genes, which encode TIR- or 
CC-NB-LRR proteins e.g. the RPP1, RPP4 and RPP5 genes encode TIR-NB-LRR 
proteins and the RPP8 and RPP13 genes encode CC-NB-LRR proteins (Parker et 
al., 1997, Botella et al., 1998, McDowell et al., 1998, Noel et al., 1999, Bittner-
Eddy et al., 2000). Similarly, genes encoding TIR- or CC-NB-LRR proteins confer 
resistance to the bacterial speck pathogen Pseudomonas syringae in 
Arabidopsis e.g. RPS4 encodes a TIR-NB-LRR protein whereas RPM1, RPS2 and 
RPS5 encode CC-NB-LRR proteins (Bent et al., 1994, Mindrinos et al., 1994, Grant 
et al., 1995, Warren et al., 1998, Gassmann et al., 1999). 
 
The fact that resistance genes to a diverse range of pathogens often belong to 
only one or two classes suggests that plants might only require a limited number 
of signal transduction networks to combat attack by these microbes. Therefore, 
the fact that resistance to Fol in tomato is provided by such a diverse group of 
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resistance genes might suggest that in the Fusarium-tomato pathosystem a 
more complex array of responses is needed for the host to effectively combat 
the fungus. On the other hand, the lifestyle of Fol, might also determine the 
nature of the tomato resistance response. In the case of C. fulvum, which is an 
extracellular pathogen that delivers its effectors outside the plant cell, cell 
surface receptors such as LRR-RLPs are appropriate for effector recognition. But 
in the cases of flax rust, downy mildew and bacterial speck, pathogens that 
deliver their effectors to the cytosol, cytosolic receptors such as NB-LRR proteins 
are the appropriate receptors (Joosten et al., 1994, Dodds et al., 2004, Allen et 
al., 2004, Catanzariti et al., 2006, 2010, Sohn et al., 2007, Xiang et al., 2008). The 
fact that tomato uses both surface (I-7, I-3) and cytosolic (I-2) receptors to 
detect Fol effectors, suggests that Fol secretes effectors that act both outside 
and inside the plant cell.  
 
7.2 Resistance to Fusarium oxysporum in other pathosystems 
 
Major genes for resistance to Fusarium oxysporum f.sp. melonis (Fom) have 
been reported in melon, incuding the resistance gene Fom-2 , which confers 
resistance to Fom races 0 and 1 and encodes a CC-NBS-LRR protein (Joobeur 
et al., 2004). The interactions between F. oxysporum and its various plant hosts 
are not only controlled by gene-for-gene interactions involving major genes for 
resistance but also by partial or quantitative resistance responses. 
 
Resistance to Fusarium has also been reported in A. thaliana, which is 
susceptible to infection by F. oxysporum f. sp. matthioli (isolated from garden 
stock), as well as F. oxysporum f. sp. conglutinans (recovered from diseased 
cabbage) and F. oxysporum f. sp. raphani (recovered from diseased radish). 
Interestingly, resistance to F. oxysporum (RFO) in A. thaliana is a polygenic trait 
conferred by multiple quantitative trait loci (QTLs) that give resistance to a 
broad spectrum of Fusarium oxysporum races. Six RFO QTLs had been reported 
and some of the underlying genes have been identified.  RFO1, a gene 
encoding a RLK that contains an extracellular wall-associated kinase domain, 
expresses the strongest resistance (Diener and Ausubel, 2005). On the other 
hand, resistance conferred by RFO2, a gene encoding an LRR-RLP, is enhanced 
by the presence of RFO1 (Diener and Ausubel, 2005, Shen and Diener, 2013). 
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Resistance to Fusarium oxysporum f. sp. tracheiphilum (Fot) has also been 
reported in cowpea. A Fot race 3 resistance locus was identified by biparental 
mapping and four cowpea sequences with similarity to LRR-RLK genes were 
identified as candidate genes (Pottorff et al., 2012). QTLs conferring resistance 
against Fot race 4, Fot4-1 and Fot4-2, have also been reported, and TIR-NBS-LRR 
and LRR-RLK genes have been identified as candidates (Pottorff et al., 2014). 
 
As observed in Fol, different classes of resistance genes have been reported in 
these other Fusarium oxysporum pathosystems. The fact that such a diverse 
array of genes exists against Fusarium oxysporum might indicate that plant 
defence responses against it are very complex.  
 
7.3 Resistance to other fungal pathogens causing vascular wilt diseases 
 
Other fungal genera containing vascular wilt pathogens include Verticillium 
(broad host range), Ceratocystis (vascular wilts of oak, cocoa, and eucalyptus) 
and Ophiostoma (vascular wilts of elm trees) (Yadeta and Thomma, 2013). Little 
is known about resistance to these vascular wilt pathogens apart from 
resistance to Verticillium. 
 
Verticillium dahliae is an asexual soil-borne pathogen that also invades xylem 
vessels of plants and is responsible for vascular wilt diseases in a wide range of 
plant species including tomato, potato, sunflower and cotton. Genetic 
resistance against pathogenic strains of Verticillium has been reported for 
several economically important crop species but few genes for resistance have 
been cloned (Fradin and Thomma, 2006). The best characterised is the tomato 
Ve1 gene, which provides resistance toward race 1 of V. dahliae and strains of 
V. albo-atrum. Ve1 encodes a LRR-RLP that is considered a PRR because it 
recognises the Ave1 protein produced by a number of different fungal 
pathogens (Kawchuk et al., 2001, Fradin et al., 2009, de Jonge et al., 2012). 
 
Ve1 homologues, Gbve, Gbve1 and Gbvdr5, have been reported to confer 
resistance to V. dahliae in cotton (Zhang et al., 2011, Zhang et al., 2012, Yang et 
al., 2014). The first of them, GbVe from the cotton Gossypium barbadense, was 
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cloned and its function was analysed in A. thaliana where it conferred 
enhanced resistance to Verticillium wilt (Zhang et al., 2011). Gbve1 and 
Gbvdr5, were also reported to confer resistance to V. dahliae following 
experiments that showed silencing the gene in resistant cotton compromised 
resistance, and that transgenic Arabidopsis and cotton overexpressing Gbve1 
and Gbvdr5 displayed strong resistance to the pathogen (Zhang et al., 2011, 
2012).   
 
Although resistance to Fol is provided by a CC-NB-LRR, an SRLK and a LRR-RLP, 
only LRR-RLPs have been identified in resistance against Verticillum. However, so 
few genes providing resistance to fungal pathogens causing vascular wilt have 
been identified that it is difficult to find a broader connection between fungal 
lifestyle and the classes of resistance protein that counter vascular wilt 
pathogens.  
 
7.4 The I-7 receptor could be either a resistance protein or a PRR 
 
The interaction between Fol and tomato is race/cultivar specific in the case of 
the I, I-2 and I-3 genes. However, this is not the case for the newly identified I-7 
gene, which confers resistance to Fol races 1, 2 and 3 (Chapter 6). One reason 
for an apparent lack of race/cultivar specificity could be that I-7 has not been 
deployed widely enough or long enough for new races to have arisen that are 
able to overcome I-7.  
 
I-7 encodes a LRR-RLP similar to both resistance proteins (Cf proteins) and PRRs 
(Ve1, Eix2 and EILP) already identified in tomato and tobacco. If I-7 were a 
resistance protein we would expect I-7 to recognise a Fol specific Six effector, 
but if I-7 was a PRR we would expect it to recognise a conserved molecule 
shared between fungal pathogens. I-7 confers resistance to Fol races 1, 2 and 
3, so if I-7 was a resistance protein, Avr7 would most likely be a Six protein 
produced by all three races. Most of the Six genes are present in all three Fol 
races, except for Six4 (Avr1), which is present only in Fol race 1 (Lievens et al., 
2009, Schmidt et al., 2013). I-7 resistance is also known not to be dependent on 
recognition of Avr3 (Six1) (Chapter 6). However, it is not known whether I-7 
recognises any of the other Six proteins that have been reported i.e. Six2, Six7, 
Six8, Six9, Six10, Six11, Six12, Six13 and Six14 (Takken and Rep, 2010, Schmidt et 
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al., 2013). One way to test whether any of these Six genes correspond to Avr7 
would be to perform transient co-expression experiments with I-7 in tobacco 
and tomato to look for a cell death response. 
 
It is also possible that I-7 might detect homologues of effectors/putative 
effectors that are present in different fungal pathogens. FoAve1, a homologue 
of the V. dahliae effector Ave1 that activates Ve1 in tomato, has been 
identified in Fol. Interestingly, this Fol homologue, FoAve1, not only activates 
Ve1-mediated resistance but Ve1 was found to mediate resistance toward Fol 
in tomato (Kawchuk et al., 2001, de Jonge et al., 2012). Homologues of several 
Six genes, had been found in other formae speciales of Fusarium oxysporum 
and it has been suggested that some of them might play a more general role in 
pathogenicity (Lievens et al., 2009). If I-7 was able to recognise one of these Six 
homologues, it might also be capable of conferring transgenic resistance 
against other formae speciales of Fusarium oxysporum.  
 
It is also possible that I-7 might not detect an effector specific to Fol but a 
molecule shared between a diverse range of fungal pathogens. If this is the 
case, I-7 could perhaps be capable of recognising non-specific fungal elicitors 
such as chitin fragments and xylanases. Arabidopsis is susceptible to infection 
by several formae speciales of Fusarium oxysporum (Diener and Ausubel, 2005) 
that, apart from Six9, lack homologues of the Fol Six genes mentioned above as 
possible Avr7 candidates.  As Arabidopsis is easily transformable, it would be 
possible to transform I-7 into Arabidopsis and test it for recognition of non-
specific fungal elicitors. Infection of these plants with the various different 
Fusarium formae speciales would help us to look for I-7 elicitors and to elucidate 
whether I-7 is a PRR. 
 
7.5 I-7 resistance is not suppressed by Avr1 
 
Avr1 suppresses both I-2 and I-3 mediated resistance (Houterman et al., 2008). 
As I-7 confers resistance against Fol race 1, it suggests that Avr1 does not 
suppress detection of Avr7 (whether it be a race-specific or a general elicitor) 
and that Avr1 is therefore not a general suppressor of plant resistance. It is 
possible, that the action of Avr1 is limited to Avr2 and Avr3 through a functional 
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relationship between the three effectors, e.g. they are all targeting a protein 
being monitored by I-2 and I-3 but not I-7. A precedent for this kind of complex 
interaction has been found in the Arabidopsis-Pseudomonas syringae 
interaction. The Arabidopsis RIN4 protein is targeted by multiple P. syringae 
effectors (AvrB, AvrRpm1 and AvrRpt2) and guarded by two resistance proteins 
(RPM1 and RPS2) (Axtell and Staskawicz, 2003, Mackey et al., 2003). Among 
these effectors, AvrRpt2 suppresses the detection of AvrB and AvrRpm1 by 
targeting RIN4 for proteasomal degradation, thereby preventing the RPM1 
resistance protein from detecting the hyper-phosphorylation of RIN4 triggered 
by AvrB and AvrRpm1. However, the presence of RIN4 is monitored by the RPS2 
resistance protein and the degradation of RIN4 (which otherwise negatively 
regulates RPS2) triggers RPS2 mediated resistance. In this scenario, Avr2 and 
Avr3 are analogous to AvrB or AvrRpm1, I-2 and I-3 are analogous to RPM1, 
Avr1 is analogous to AvrRpt2, and the I resistance protein which recognises Avr1 
is analogous to RPS2. Another precedent is found in the tomato-P. syringae 
interaction. The tomato Fen protein kinase is targeted by two P. syringae 
effectors (AvrPto and AvrPtoB) and guarded by the Prf resistance protein (Kim 
et al., 2002, Mucyn et al., 2006). AvrPto is a protease that cleaves Fen in the 
kinase activation loop causing it to auto-phosphorylate and be recognised by 
Prf. AvrPtoB is a ubiquitin ligase that suppresses the detection of AvrPto-
modified Fen by ubiquitinylating Fen thereby targeting it for degradation. 
However, Pto a paralogue of Fen and also a target for AvrPto has evolved to 
avoid ubiquitinylation by AvrPtoB and is therefore still able to trigger Prf-
dependent resistance following modification by AvrPto despite the presence of 
AvrPtoB. In this scenario, Avr2 and Avr3 are analogous to AvrPto, I-2 and I-3 are 
analogous to Fen, Avr1 is analogous to AvrPtoB, and the I resistance protein 
which recognises Avr1 is analogous to Pto. The unifying feature in these two 
scenarios is effector-dependent degradation of host proteins that would 
otherwise enable other effectors to be recognised. Perhaps Avr1 directs the 
degradation of a host protein (or proteins) targeted by Avr2 and Avr3 but not 
Avr7. 
 
Alternatively, the failure of Avr1 to suppress resistance triggered by Avr7 could 
indicate that Avr1 is a pathway specific effector, acting on or after a point of 
convergence in I-2 (CC-NB-LRR) and I-3 (SRLK) signalling but not I-7 (LRR-RLP) 
signalling. EDS1 is required for I-7 resistance, but it can be assumed that it is not 
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required for I-2 resistance due to it being a CC-NB-LRR protein. If I-3 is found to 
be EDS1-independent, then it is plausible that I-7 operates through an entirely 
different signalling pathway. Significantly, Avr1 triggers defence signalling 
through recognition by I, which is also EDS1 dependent (Hu et al., 2005) 
indicating that I most likely encodes a TIR-NB-LRR or LRR-RLP that signals through 
the same pathway as I-7. Together, these observations are consistent with the 
idea that Avr1 might act to suppress signalling through a non-EDS1-dependent 
pathway.  
 
In addition to EDS1, the genes PAD4 and NDR1 have been reported as being 
required for resistance mediated by the LRR-RLP Ve1 (Hu et al., 2005; Fradin et 
al., 2009), as well as being critical for basal defences (Parker et al., 1996). Also, 
CITRX (Rivas and Thomas, 2005), ACIK1 (Rowland et al., 2005), SERK1 (Fradin et 
al., 2011) and the CC-NB-LRR protein NRC1 (Gabriels et al., 2007) have been 
shown to play a role in downstream signalling of LRR-RLPs. Thus it is possible that 
these genes may also be required for I-7 signalling, and therefore experiments 
should be done to investigate this possibility. 
 
In tomato, endoplasmic reticulum-resident chaperones have been identified as 
in planta interactors of some RLPs. These were found to be required for proper 
folding and post-translational modifications of Cf proteins as well as for Cf 
function (Liebrand et al., 2012). In one study, a functional Cf-4-enhanced GFP 
fusion protein was transiently expressed in Nicotiana benthamiana, followed by 
immunopurification and mass spectrometry of co-purifying proteins. This 
identified CRT3a, a tomato lectin-type calreticulin, which was subsequently 
found to be specifically required for the maturation of functional Cf-4 protein 
(Liebrand et al., 2012). A later study, following a similar approach, identified the 
tomato protein SOBIR1, an orthologue of the Arabidopsis RLK, suppressor of 
BIR1-1/Evershed, and its close homologue SOBIR1-like, as both Cf and Ve1 
interactors (Liebrand et al., 2013). SOBIR1 functions as an essential regulator of 
Cf-2 and Cf-4 but the interaction between SOBIR1 and the RLPs was ligand-
independent (Liebrand et al., 2013). Furthermore, a recent study established 
that Ve1 interacts through its C-terminus with SOBIR1; and found that Ve2 (a 
non-functional homologue of Ve1) also interacts with SOBIR1 (Fradin et al., 
2014). Therefore, SOBIR1 might function as a scaffold protein stabilising receptor 
complexes in which RLPs take part, or it may function as an element of the 
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signalling pathway triggered by RLPs (Liebrand et al., 2013). In this context, it 
would be interesting to test whether the tomato SOBIR1 homologue and CRT3a 
interact with I-7. 
 
Virus-induced gene silencing (VIGS) has been used previously as a tool to 
investigate gene function in resistance signalling against a vascular fungus 
(Fradin et al., 2009). Therefore, VIGS could be used to silence various genes 
reported to be involved in the signalling/function of LRR-RLPs, including those 
mentioned here, and to look for a decrease in resistance following infection 
with Fol race 3, which would indicate a role in the downstream signalling 
cascade of I-7. Also, if I-7 conferred Fusarium resistance in Arabidopsis, 
Arabidopsis expressing an I-7 transgene with mutations of different signalling 
components could be used to investigate the role of these proteins in I-7 
signalling. Furthermore, CRISPR/Cas9 approaches could also be used to 
generate targeted gene knockouts in tomato to elucidate whether these 
proteins are essential for I-7 function. This recent system is based on the 
bacterial type II CRISPR (clustered regularly interspaced short palindromic 
repeats) / Cas (CRISPR-associated) immune system which introduces mutations 
via both non-homologous end joining (NHEJ) and homology-directed repair 
(HDR) pathways (Cong et al., 2013, Mali et al., 2013). CRISPR/Cas technology 
has only recently been successfully applied in plants, as was shown in a study 
using A. tumefaciens transient expression to induce specific gene knockouts in 
N. benthamiana (Nekrasov et al., 2013).  
 
7.6 Concluding Remarks 
 
The significance of the present study is substantial because knowledge about 
the location of I-7 allowed the development of markers for use by tomato 
breeders in the identification of breeding lines carrying the resistance gene. The 
identification of I-7 contributes to the goal of protecting Australia from invasive 
diseases and strengthens the bridge between research and its applications.  
 
The identification of a new resistance gene against Fol and efforts made to 
begin characterisation of this gene, as well as the possibilities for future research 
to further characterise and understand the role of I-7 in tomato-Fol interactions 
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are also substantial. The results presented in this thesis form the basis for further 
investigations to fill in the gaps and answer the questions generated by this 
project. Follow-up studies dedicated to identification of Avr7, investigation of 
sequence determinants of recognitional specificity and function in I-7, and 
identification of proteins required for I-7 function will be essential. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 1. DNA Markers used for the genome survey 
List of primer sequences for the DNA markers are available from the SGN website (http://solgenomics.net). 
 
CAPS/SCAR marker protocol cM2 F primer (5'-3') R primer (5'-3') 
Tm 
(oC) 
PCR Product Digested product 
Chr1 
SGN id/ 
ID marker   
   Tristar M82 LA716 
Restr 
Enzime Tristar M82 LA716 
1 9552 U230982 SCAR 4 TCTGAAAGCCCCTTGTTATG CATTGACAGGAGCTGGAAGC 55 1400 1400 800     
1 9050 C2_At5g51970 CAPS 15.5 ACGCGAGTTTTGACTGTGCTGG 
TCTTCTTGAGAGAATCCAAACCT
GTG 55 850 850 850 DraI 
650+ 
200 
650+ 
200 
850 
1 4661 C2_At5g35360 SCAR 21.3 AACAGATCCGTGTCGCTATGGGAG 
TTGAATGTCCTCTAAGCACAATA
TCCTC 55 450 450 500     
1 9012 C2_At5g49480 CAPS 31.6 ACCAAATCTGCGGTCAGCATTCG 
TTGAAGAAAACCTTGATAGGTAA
CACC 55 400 400 400 EcoRV 360* 360 400 
1 7642 C2_At3g06790 CAPS 31.9 ATTGCTGCCGTTGTCGGAAGTG 
TCAAAACACCAAACCCAGTGTAT
G 
 N.A. N.A. N.A.     
1 8253 C2_At4g15530 CAPS 42.6 TGTAAAGATGGTGGAGCCACAGC ATCCACGGGCTACAACAGCTGC 55 700 700 700 ScaI 700 700 650 
1 4702 C2_At5g13450 SCAR 46.9 AGGTTTGCTGAGTTAACCATGGC 
TCTGTTCAATGTTCACCTTCTTC
C 52 500 500 550     
1 7661 C2_At3g08030 CAPS 47.4 AGGCTTCAATTTCTCAGACAATTCC 
TTCAAAACCAGCATTTTTAACCA
AG 52 800 800      
1 6818 C2_At1g48050 CAPS 58 TGAAAGAGGAAATAGGAGGATATGAAC 
ATCGTGACTGGCGATATATTAC
GAG 55 920 920 920 TaqI 920 920 
750+ 
170 
1 62 TG59 CAPS 62 TGCACACCCTTTCTTTGATTC TCAGTTCTATCAAGTCCATCCAC 55 1800 1800 1800 HinfI 1800 1800 900 
1 7333 C2_At2g28370 CAPS 69.1 TGAAGGATGTTCAAGGAATGCCTGG 
TGTGAGCAGACACCAAGGTCAT
TGC 53 N.A. N.A. N.A.     
1 7538 C2_At2g45910 CAPS 73 TGACCCAGCCTTGAAGATTGGAGAAG 
AGTGCAGGAATGGAGGAAGATG
AGAGC 55 1100 1100 1100 ApoI 650 650 1100 
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Chr1 
SGN id/ 
ID 
marker Protocol cM2 F primer (5'-3') R primer (5'-3') 
Tm 
(oC) 
Tristar M82 LA716 
Restr 
Enzime 
Tristar M82 LA716 
1 1985 T1409 CAPS 77 ATGTGATACCTCCGCCGTTA TTTCTTCCATTTCCCAACCA 55 500 500 500 SacI 500 500 250 
1 8926 C2_At5g41760 CAPS 87.5 TTGACGACTCTATCGCAAAGTAATGG 
TAGATGGAATTGGGTATAAACG
AACAC 52 1061 1061 1061 EcoRI 
866+ 
171 
866+ 
171 
1061 
1 4700 C2_At2g38730 SCAR 92.5 AGCGGACCAAACACTAATGGATG 
AGCCACATTCTCAATCTTCCTGA
C 55 500 500 550     
1 129 TG83 CAPS 100 TTATGGCACTCAGGATGGTG AGGCATGAAAACCACAAAGG 60 1500 1500 1500 HpaII 
~500+
1000+
1300+
1500 
900+ 
600 
800+ 
700 
1 3795 U237757 CAPS 102 ATCGGCTGCTGATGTTTATGATCG 
ACAACATCCCTCCATAGAGTTTC
AAG 50 2081 2081 2081 HindIII 
969+ 
640+ 
472 
969+ 
640+ 
472 
~1112
+969 
1 664 CT267 SCAR 114 TGGGTATCCTAGAAGGCCAGT ATGGTAGCCCTTGGTTGGAT 55 800 800 900     
1 9563 U217757 CAPS 
116.
5 
TCTGATGGCGTCATCTCAAA TCATGGCTTTGATTTGCATC 53 550 550 550 TaqI 500 500 350+1
50 
1 9019 C2_At5g49880 CAPS 
127.
2 
TCGGCTCCGTTGCCGGAATC 
ACTGCTTAAGGCATCAAAAAACT
C 55 850 850 850 RsaI 
650+ 
200 
650+ 
200 
850 
1 9195 C2_At5g64350 CAPS 
137.
2 
AGATCGGCCAAGGCAAAGTT
ATC 
TGCATGCCCAGTACTCCTTCAT
CC 55 850 850 850 HaeIII 
500+ 
350 
500+ 
350 
850 
1 6839 C2_At1g50020 CAPS 
146.
1 
TTGCTTACTCTTGGTGGAACA
TTC 
TGTCTGTGATATCCTCTCTTCTT
C 55 1300 1300 1300 TaqI 1300 1300 
650+5
00 
1 7201 C2_At2g15320 CAPS 151 ACAAGTTGACATGGGGAATAACAGC 
AGGTTTCTGTGATTTTAAGCAAA
GTTG 53 380 380 380 ApoI 
270+ 
110 
270+ 
110 
380 
1 4640 C2_At4g34700 SCAR 160 TGAAGCATCCTACAATAAGTGGCG 
TCTGTTGAACTTGGAACCACCA
GG 55 1000 1000 1100     
1 7212 C2_At2g16920 SCAR 165 TGCAAGACAATGATGTATCTGATGAGG 
TCCTAAAGTGCTCTCTGATAAGC
TCTTC 55 850 850 1650     
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Chr1 
SGN id/ 
ID 
marker Protocol cM2 F primer (5'-3') R primer (5'-3') 
Tm 
(oC) 
Tristar M82 LA716 
Restr 
Enzime 
Tristar M82 LA716 
2 8887 C2_At5g37260 CAPS 2.5 AGAGCACAAAAAGTTCCTTGAAGC 
ACCGTACCAAATGCATCTGAAC
C 55 550 550 550 TaqI 
230+ 
300 
230+ 
300 
550 
2 6913 C2_At1g60640 CAPS 12.5 TCTGACAGGGGGAAATGAATCTTC 
ACTTCATTGAAAGAGCTATCTTC
ACTCTC 55 530 530 530 EcoRV 530 530 400 
2 713 SSR40 SCAR 22 TGCAGGTATGTCTCACACCA TTGCAAGAACACCTCCCTTT 50 146 146 180     
2 7402 C2_At2g35130 CAPS 34.5 TGGTTCTTTAAGGGGCAGAGGATG 
ATCAACAAGTGCCAGGTAAGTA
GATTC 55 550 550 550 DraI 550 550 
400+ 
150 
2 1029 SSR356 SCAR 44 ACCATCGAGGCTGCATAAAG AACCATCCACTGCCTCAATC 55 
259+ 
~200 
259+ 
~200 
200     
2 9577 U242666 CAPS 49 ACCCACTTCGATTCATGCTG GGTTGAAAATGGGTCACTGG 55 250 250 250 DraI 250 250 125 
2 8058 C2_At3g56210 CAPS 55.5 ACAATCTGATGCAGCAGTCTGTCTCAC 
TCTTGAAATCTACTCAGCAAATT
TGAC 58 2578 2578 2578     
2 4670 C2_At4g30930 CAPS 63.1 ATCATACCTTCTCTCTCCAAACCC TCGCCATTGCTCACTTTAAACTG 55 700 700 700 DpnII 
340+ 
220 
340+ 
220 
280+ 
220* 
2 10023 U237440 CAPS 74.9 TCCACACCTCCACCAATTTT AACCAAGTTGGACGCACTTC 55 614 614 614 RsaI 315+ 218 
315+ 
218 
218+ 
209+ 
106 
2 7575 C2_At3g01160 CAPS 83.4 TCTGAAGAAGCTGAAGCAAGTAGAGC 
TGCCAACTGACGAGCATAAGCT
GC 55 420 420 420 EcoRI 400 400 
100+2
90 
2 4708 U146494 CAPS 90 GTGAATTGTCCGGTTCTCGT AATGCTCATCCCTTGTTTGC 55 800 800 800 KpnI 800 800 550 
2 7166 C2_At2g04700 CAPS 97 ATGAGAACTCTTCAAGCTTCCACCTC 
TGACCACAGAAGTAACACCTTT
GTCC 55 780 780 780 HinfI 
650+ 
130 
650+ 
130 
780 
2 2032 T1480 CAPS 106 ACCACCTTGGATGAATACCG TGCAACAGCTTTTCCCTCTC 50 1300 1300 1300 AluI 450 450 550 
2 8500 C2_At4g37130 SCAR 116 TTACAGCAAACTGTAGCAAGATTTGAG 
TGCTGTTTTCATTGATTCAATGT
ACTG 55 1100 1100 1300     
2 97 TG151 CAPS 126 TGAATTTTGGGAAGTCTGGTT TGCAACTCTACCTCTTTTTCAGC 55 1500 1500 1500 RsaI 1500 1500 1200 
2 7899 C2_At3g27310 CAPS 138 AGCCCGAAGACTTCTATGAGTTCAC 
TCTGCCTCACGAATTTTCTTCGT
C 55 430 430 430 ApoI 
250+ 
180 
250+ 
180 
430 
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Chr1 
SGN id/ 
ID 
marker Protocol cM2 F primer (5'-3') R primer (5'-3') 
Tm 
(oC) 
Tristar M82 LA716 
Restr 
Enzime 
Tristar M82 LA716 
3 8824 C2_At5g23880 CAPS 53.5 AGCTAACCTAATCCTTGATACAACACC 
ACCATCAGAACGACCTTCGAAG
TCC 53 1650 1650 1650 TaqI 
500+ 
1150 
500+ 
1150 
400+ 
1150 
3 163 TG324 CAPS 4.6 CACTTGGTTGATGGATAGTG CTTCTAGTAGTCCAACAGCAACTG 55 1300 1300 1300 EcoRV 1200 1200 1300 
3 3030 cLPT-5-E7 CAPS 15 ACAGCCAAGTCGAAGTCCTC CCCAAGGGGGTTTAAGAGAA 55 1666 1666 1666 TaqI 
718+ 
528+ 
278 
718+ 
528+ 
278 
1400 
3 6920 C2_At1g61150 CAPS 25 ATGGAAAGATTGAGGAGGCTTTGGAG 
ATCTTCAATAGGCTTGGAAGCTT
TGG 55 984 984 984 BstNI 
401+ 
292+ 
291 
401+ 
292+ 
291 
984 
3 226 TG130 CAPS 33 CGGAACCCACTTTGTTTTTC ATCAACCCTGCAAGCTCAAC 55 1500 1500 1500 AluI 500 500 400 
3 8 TG585 CAPS 40 TGGAAAGCCAGACACACAGA CAGGGGTATCAGTAGGCAGTG 55 491 491 491 HinfI 300+ 191 
300+ 
191 491 
3 1970 T1388 CAPS 47 GCGATTTGGCTATCTGGGTA AACCGAAAGGCTTTTCCAAG 55 1000 1000 1000 HinfI 350+ 200 
350+ 
200 
480+2
70 
3 3032 cLPT-2-E21 CAPS 61 CGAAGATGTTGCTTGATTGC AAGCAGGAGCTGGACACAAT 55 1250 1250 1250 EcoRI 1050+200 
1050+
200 1250 
3 7600 C2_At3g02910 CAPS 72.4 ACCCACCATTATTTTCACCTACGG 
TCACATACCCTTTTGCCTCTTTC
TC 55 450 450 450 TaqI 150 150 325 
3 9178 C2_At5g63460 CAPS 83.3 TTCTCGCGGCCTTTTCTCCTC TCGTGATCGCAAACATATACTCGC 55 1100 1100 1100 HinfI 650 650 850 
3 3873 C2_At5g52820 CAPS 90 TGGGATCTAAATACCCAGACACC 
ACAGAAAGAACCCAATTTCTGT
GC 55 707 707 707 RsaI 
484+ 
223 
484+ 
223 
~550 
3 4687 U146899 CAPS 97 ACTTGACCGGGAAAGTGATG CCGATCGTCTTCTCCATTGT 55 1450 1450 1450 HaeIII 1450 1450 900+5
50 
3 3877 Asc1 CAPS 
105.
5 
TTCTCTCTTTTCGCGTTGGT TGGCAAGAGGCTTTGCTAAT 60 838 838 838 ApoI 725+ 
113 
725+ 
113 
~600+
230 
3 7050 C2_At1g74520 CAPS 113 ACCAAATCCCCTGTGGATGATCAG 
AAGTAAGGTATGACCAACCAGC
AG 55 1329 1329 1329 RsaI 
397+ 
375+ 
192+ 
188+ 
177 
397+ 
375+ 
192+ 
188+ 
177 
~1100
+200 
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Chr1 
SGN id/ 
ID marker Protocol cM
2 F primer (5'-3') R primer (5'-3') 
Tm 
(oC) Tristar M82 LA716 
Restr 
Enzime Tristar M82 LA716 
3 9158 C2_At5g62440 CAPS 
120.
5 
AGTTTCGTTTCCTCCGTGGAG
ATG 
TCCTTTCTGATTCTGAATGACCC
TTC 55 881 881 881 DraI 
672+ 
209 
672+ 
209 
570 
3 6854 C2_At1g52590 CAPS 
128.
3 
TGTGCAACCTGTGTAATGGAG
GTGTG 
TGAGGGAAAGGCAAGTTAATGT
ACTC 55 1050 1050 1050 TaqI 1050 1050 
650+ 
400 
3 2141 T1621 CAPS 139 GACTGGTGAGGACGATGATG CGGCAATCTCTTCGTCAAA 55 1300 1300 1300 HinfI 550 550 600 
3 7127 C2_At1g80360 CAPS 
149.
5 
ATGGTTACTGCCGGTGCAAAT
CAG 
TCGGTAACACCTGTCATCTGGA
ATG 55 1513 1513 1513 HinfI 
493+ 
423+ 
207+ 
173 
493+ 
423+ 
207+ 
173 
~1000
+200 
3 3883 C2_At1g55170 CAPS 
158.
5 
ATTCGCTCCAGGGAACTTATC
G 
AGTAACCAAATTTGTCTCCATTG
C 50 500 500 500 RsaI 480 480 380 
3 7734 C2_At3g14075 CAPS 171 TGGTTTTGGGTTATGCACATTGTGG 
AGCAAATGCTACACAGGTAGCT
GTTG 55 650 650 650 MspI 650 650 
350+ 
300 
4 6993 C2_At1g68100 CAPS 13 TTGACTGGAGAGGAACAGGCTAAATC 
AAGCCATCCCATCAGTAAAATTG
TG 55 200 200 200 RsaI 170 170 200 
4 6791 C2_At1g34370 CAPS 63.5 TCCGACGAAATCACCTCCGC TGTTTTGTACTGGTTCCCATGAGC 55 350 350 350 HaeIII 280 280 350 
4 3890 Hero CAPS 6.7 CAGCATCTTTCAGGCAAACA GGAGTTCGTTCGCTCTTTTG 53 1111 1111 1111 MspI 900 900 500+ 
375 
4 7971 C2_At3g51010 CAPS 19.7 TCCAAACAATCCCAATGAAGGAAG 
ACGCTCTACTCGCTTAATCATTT
TC 55 2100 2100 2100 EcoRV 
1000+
1100 
1000+
1100 
2100 
4 7247 C2_At2g20390 CAPS 27 AGCCCATTGTTAGAGGTCCTTGG 
ACTTTAATCCGAAAAGTTTGCTG
C 55 1200 1200 1200 DraI 
~430+
410+ 
270 
~430+
410+ 
270 
~410+
390+ 
270 
4 1276 SSR603 SCAR 37 GAAGGGACAATTCACAGAGTTTG CCTTCAACTTCACCACCACC 50 ~700 ~700 ~900     
4 8888 C2_At5g37290 CAPS 49.5 TCGTCATCCAGTGTTTGTCAAGTCCTGT 
TTTAAGATCTCTTCCTTGTTTGA
TGC 53 750 750 750 TaqI 
370+ 
242+ 
138 
370+ 
242+ 
138 
~500+
350 
4 4695 C2_At5g37360 CAPS 56 TGCAGCATTTGATCTTTCAAATGG 
TGATTTTTGAGAGCCTGTCAATG
AG 55 1300 1300 1300 AluI 850 850 
400+ 
500 
4 6793 C2_At1g35720 CAPS 62.2 ATTCTGGCTCATAGGAATGCAGCAC 
ATAAGAGGAACCAAAAGCTTAC
GG 55 1350 1350 1350 TaqI 
500+ 
350 
500+ 
350 
500+ 
850 
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4 9534 U213812 CAPS 71 ATATTGAAAAGGATGAATATTGGGG 
AAAATTCCTTCAGGAAATACTTC
TCTC 50 250 250 250 HinfI 150 150 250 
4 4663 C2_At4g09010 CAPS 82.5 TAAGGGGCTTGATGCTGCTTTG 
TAAAGGTCGATTTGACTGCACTT
TG 55 570 570 570 RsaI 570 570 
340+ 
300 
4 6570 C2_At1g10030 CAPS 88.7 AGCTGTTAGGATGGTGGTTAATGC 
ACTCTGTCAAGAAATGACCGAA
GGC 55 1500 1500 1500 DpnII 1500 1500 1100 
4 3911 ANTL CAPS 94.5 TCCACAGGAAATCCATTGAC TCTTTAGTTCTCTTAGCTAATTCACCA 60 1650 1650 1650 HaeIII 
1200+
450 
1200+
450 
1650 
4 3067 cLEC-7-B23 CAPS 101 GGAGAACACGGCTACCTCAG AGCTGGAAATGAGGTTTTGC 55 580 580 580 CfoI (HhaI) 540 540 <540  
4 8844 C2_At5g25900 SCAR 
108.
5 
TGCTAATTGGGCTGAAACTTA
TGG 
TGTTAGCTTTCTAGTTGAGATGG
ATG 55 1400 1400 1350     
4 8940 C2_At5g42950 SCAR 119 AGCAATGGATTTCAGAGAATGGTGTG 
ACATTTTTGGCACTTGCACCAGT
GAC 55 450 450 500     
4 6816 C2_At1g47830 CAPS 
129.
5 
TTGTGAATAGAGATCCCAAAT
TCACC 
TCCTGCATATCTTCTGTATATTA
CCTTG 55 1350 1350 1350 AluI 600 600 850 
4 7064 C2_At1g76080 CAPS 137 TAGTATGGAGGAATTGGATGAAGC 
TCTTCTCTGCTGTGGAGCTGCA
C 50 1350 1350 1350 HinfI 
650+ 
350 
650+ 
350 
410+ 
350 
5 6693 C2_At1g23890 CAPS 7.5 ATGCATGCAATTAGAAAGATTAGCAAG AATCCAGGTCCATCAGCACGGC 
53-
55 
1850 1850 1850 DpnII 
900+~
450+ 
~250+
~150 
900+~
450+ 
~250+
~150 
700+~
250+ 
~150 
5 6718 C2_At1g26945 SCAR 17.7 ATCGCTGATCTTGTTTCCAAGTTGC 
AATAGCAGCTTGAGCACTATCA
CTATC 55 1200 1200 950     
5 686 SSR13 SCAR 28 GGGTCACATACACTCATACTAAGGA CAAATCGCGACATGTGTAAGA 50 
102+ 
102 
102+ 
102 97+102     
5 8040 C2_At3g55120 CAPS 44 ATTCACTCGAGTGACTATGATCTTGCC 
TATGGAATCCAGCACTGCTTCT
GAC 52 460 460 460 BclI 
250+ 
210 
250+ 
210 460 
5 2155 T1640 CAPS 57 TGGACAGACCCTGATTCCAT TTCCGACTGGGAAAAGAAG 55 2000 2000 2000 KpnI 1300+
700 
1300+
700 
2000 
5 6985 C2_At1g67700 SCAR 66.7 AAGAGGAAATTGTTAGTGGTTGAAGC 
ACTGCTGCGAGATTCCTAGCTA
GAG 55 1200 1200 1400     
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5 3083 cLEX-13-G5 CAPS 79 GCAGCATTTAGGCTCAGAGG TTCTCAGTGGATCGTGATGG 52 420 420 420 EcoRI ~300+120 
~300+
120 420 
5 8053 C2_At3g55800 CAPS 90 TTTGAAATCAAGCTCATTATTTGG 
AGCTGTTCCTCCACAAGAAGCT
G 50 334 334 334 HincII 
197+ 
137 
197+ 
137 334 
5 38 TG23 CAPS 99 GGTGGTTCAAATCCTTATTGG AAAGTGTTGGGGTAACGCAC 55 1700 1700 1700 HaeIII 1200+500 
1200+
500 1600 
5 8047 C2_At3g55360 SCAR 107.
7 
TTTAGTGGTTACACGTAGCGG
C 
TGCCTCCTGCAGATCAGCAAC 55 750 750 600     
5 7141 C2_At2g01720 CAPS 119 ACAAATTGGTACATGCTGGTGCTC 
TGGCCTGTTAGACTGATATTCAA
C 55 500 500 500 DraI 
250+ 
150 
250+ 
150 
500 
5 4641 C2_At1g10500 CAPS 76 ACGATTCAATCATCGAGTACAATGG 
AGCAGTAAACGATTTTCCACAAC
CAC 53 1250 1250 1250 HaeIII 1250 1250 
800+ 
375 
5 3927 C2_At2g01110 CAPS 37 ATTTGTGCTCGTACTCATGTTCAG 
TCCAAATCGACAGCATTTGATCT
C 55 650 650 650 HaeIII 400 400 500 
5 8358 C2_At4g24830 CAPS 51 ATACTTGCTTGGGACATCAATGGC 
TCCAACCTCTCTGGCAACATCA
ACC 55 1350 1350 1350 MspI 1250 1250 1350 
6 6655 C2_At1g18640 CAPS 83 AATTCCGTTGTTGCTTCAGTTCAGCC 
TCGTCTATGCACACAGTGCTAT
CCAC 55 471 471 471 RsaI 
310+ 
161 
310+ 
161 
471 
6 6635 C2_At1g16870 CAPS 92.5 ACCCTGAAGAAATGCTCCGGTC TCACCGAATTCCTTAAGCATCCC 55 668 668 668 HindIII 
501+ 
167 
501+ 
167 
668 
6 7463 C2_At2g39690 SCAR 5.3 TGGTCTTGAATATCCAGAACCTAATG 
AATTCTGAAGCATAAGGTTGAAC
CTC 55 1100 1100 1200     
6 1657 T0892 CAPS 14 TGGCTCTTCGGACTTTAGTGA AGCACCTTCTGCGTTCATCT 55 1200 1200 1200 TaqI 1200 1200 700 
6 7698 C2_At3g11210 CAPS 24.5 AGGCCTGTATAGAGCTATGCAAAGAG 
AATTCTGTTGCCATTGATTTCCA
GTG 55 750 750 750 HinfI 
250+ 
350 
250+ 
350 
220+ 
500 
6 1628 T0834 SCAR 32 TAATTGGGACCCCATCAGAA CCCTTTAGGAGCACAAGCAG 50 800 800 900     
6 4713 C2_At1g44760 CAPS 39.5 TTCTTCATCTGCTGCTCATCTTGC 
AGAGGGTTTTTTCTGACCCAAG
AC 55 750 750 750 MspI 
~500+
200+ 
50 
~500+
200+ 
50 
300+2
00 
6 7032 C2_At1g71950 CAPS 46.5 TGAGCAACCTAAAGATCAAGAACCTG 
TAACAATGCCTCTTTTGCAGCCT
C 55 1100 1100 1100 EcoRI 
800+ 
300 
800+ 
300 
~600+
250 
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6 9159 C2_At5g62530 CAPS 55.5 TTCGACTGGAAGATCCTTGGG 
TGATTCAGCTGAACACTTCTGAC
C 55 200 200 200 DraI 100 100 200 
6 6697 C2_At1g24360 CAPS 62.7 TCCGGTTGTTATTGTCACTGGAGC 
TGGAAACTTCTTCTGCCTCCTTT
G 55 720 720 720 DraI 500 500 410 
6 3974 B CAPS 74.5 CCCTTCACCACTCTCCATGT AGAAAGGAACCCTTGCCAGT 55 1021 1021 1021 HaeIII 500+ 
300 
500+ 
300 
800 
6 3977 Sp CAPS 80.5 GTGAACCCCTTGTGATTGGT TCATGAGGGTGAACAACCAT 53 2077 2077 2077 HinfI 979+ 
380 
979+ 
380 
400 
6 4699 U146140 CAPS 97.2 TCTCCAAGCTGATTACGCCGAAGG 
ATCTAACCAAATTCAGTGCATCA
AG 53 500 500 500 DpnII 420 420 350 
7 8781 C2_At5g20350 CAPS 0 TCGGAGATCGAGGTGGTGGAGG 
AGAGCTCAGCAACCTGCACTGC
AC 55 1000 1000 1000 BslI 650 650 800 
7 8357 C2_At4g24820 CAPS 13.5 TGACTGAGAAAAAAACTGTTGCAGTTG 
AGATCTGCTGCTTTCTTGAAGTT
ACG 56 350 350 350 TaqI 
250+ 
100 
250+ 
100 
350 
7 949 SSR276 SCAR 18 CTCCGGCAAGAGTGAACATT CGACGGAGTACTTCGCATTT 55 ~150 ~150 <150     
7 1534 T0671 CAPS 27 GACAAGACCAACAATCTGCTAATAA 
GCAGTTACTACAACCATAGCAA
A 56 2200 2200 2200 TaqI 2200 2200 
1250+
950 
7 7724 C2_At3g13050 SCAR 27.5 TGCCTATTATGGCATTATATTGCTG 
AGAAATGAAAGTACGAGCACCA
AATAA 55 375 375 400     
7 8373 C2_At4g26680 CAPS 38.4 TGCAAATCGGGAAAACTAGAAAAGG 
ACAGTCCCATAATCAATGCATTG
TAAG 55 450 450 450 AluI 300 300 350 
7 2248 T1756 CAPS 45.7 CGAGGTTGGGTGTAGATTGG AAGTTTATTCAAGCCCACAGG 56 ~1100 ~1100 ~1100 Sau96I 
508+ 
383  
+191 
508+ 
383  
+191 
699+ 
383 
7 6862 C2_At1g53670 SCAR 54 AAGGGTACAGAACGGGCATTCAC 
TGTTCCAGGGGTCTTACTGTTC
CAG 55 1200 1200 1100     
7 718 SSR45 SCAR 60 TGTATCCTGGTGGACCAATG TCCAAGTATCAGGCACACCA 50 ~250 ~250 
~275+ 
1200 
    
7 7740 C2_At3g14910 CAPS 61 TCTCCGTGGTGATCTGATTCATAAAC 
AATCTAAGAATCTTTCCAGGGCT
TAC 56 700 700 700 AluI 500 500 350 
7 2235 T1738 CAPS 72.5 GGTTGGTATGGAAGGTCTGC CGGCTTCCACCAGTGATATT 55 800 800 800 DpnII 600+ 
200 
600+ 
200 
800 
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7 8374 C2_At4g26750 CAPS 80 AAGGATAACGAACCAGCAAAGC TTTGAGGAATCCTCAATCCTCG 55 400 400 400 RsaI 400 400 300 
7 6843 C2_At1g50575 CAPS 85.5 AGCAATGCTATGAATTAATACACAGGC 
TGCTTGTAGAGCACCTTGTGTG
GC 55 500 500 500 BstNI 
400+ 
100 
400+ 
100 500 
7 645 CT114 CAPS 96 ATTGAAGAATGGCGGTGAAG ATGCCAACTTCTTGGCAAAC 60 1125 1125 1125 DraI 800+ 300 
800+ 
300 
800+ 
325 
7 4683 C2_At5g56130 CAPS 108 ACATATAGCTGTTGGGAACAGGG TAGGTTTAAACTTGCGAACATCC 55 350 350 350 RsaI 220 220 300 
7 1438 T0463 CAPS 112 CCAAGGCAAAAGGAGTCAGTC 
GAACCAAAGTTGTCGCTGTCTA
T 56 650 650 650 SmlI 650 650 
430+ 
220 
7 8779 C2_At5g20180 CAPS 6 TGCTATGTACATCTAATCCCAAGCAC 
AGCTATCCCCCTTTTCCACCAA
G 55 1300 1300 1300 HinfI 1300 1300 
~550+
450+ 
200 
7 6891 C2_At1g56050 CAPS 100 TCTCCTAGGGTTGCGTACATACTTCAC 
TGCCCTGATGAAGCCCTTTTCA
AAGTC 53 1133 1133 1133 DraI 
670+ 
463 
670+ 
463 
~463+ 
300+ 
400 
8 7283 C2_At2g24390 SCAR 3.5 AGATTTACATGGGGAATGGGACTTTG 
ACTGAATTCCATTGTCATTGTCA
AGAAG 55 2100 2100 1750     
8 9631 U221657 CAPS 13 AGGTTTCAATGGTGGAGCAC ACAGCTGCTCGTTTCAGACC 55 750 750 750 EcoRV 700 700 500+ 
200 
8 8857 C2_At5g27390 CAPS 20.5 ATGGCCATGTCCACGCTCCTC 
TGGGCTTAGCCTTATCTCCATAT
AG 53  900 900 DpnII 
~400+
500 
~400+
500 
300+ 
600 
8 8415 C2_At4g31115 CAPS 36.3 ACTTCTAAATTTTGAAGTTGCCCCTG 
AGAAGTAGGCAGCATGGTGAAT
GG 60 1800 1800 1800 DraI 
1100+
700 
1100+
700 
1800 
8 7408 C2_At2g35610 CAPS 41.7 AATCTCAAACTTGGTCTTCTCCC TTCCTTCTGTTCCAGCATATTGG 55 350 350 350 MspI ~300 ~300 
200+ 
100 
8 8977 C2_At5g47010 CAPS 55.7 ACCGCAGGCTTTTCTTTGGTGG 
TGGATGGACGAGGTGCCATGTA
AG 55 750 750 750 RsaI 
~320+
350 
~320+
350 
300 
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8 4026 U233990 CAPS 68.5 TGCTCGTGATGGAAACATGCCC AGCCTCCTTATAGTTTGGTCC 53 2000 2000 2000 HinfI 
1600+
400 
1600+
400 
~1200 
8 8324 C2_At4g21800 SCAR 76.5 TTCTCCATCGACTTGTTTGCCACAC 
TGGGAAAAGTAGATGCAAAAGC
TTC 55 900 900 1400     
8 30 TG294 CAPS 87 ATTGGCTGCAATGATGGATT CTAAGCAGGACGGCCATCTA 50 900 900 900 AluI 
577+ 
350+ 
289 
577+ 
350+ 
289 
400+ 
280+ 
250 
8 7316 C2_At2g26830 CAPS 30.1 TCAAATCTAGATGGTTCTCACTTCTCTG 
AAGTGCGTGCATCAATAAATGA
CTG 60 1589 1589 1589 HaeIII 
1117+
326+ 
146 
1117+
326+ 
146 
~1000
+500 
8 6776 C2_At1g32220 CAPS 49.8 ACCCCTAAGTTCATATTGATTTCTGTGC 
TCTTCCCATATATAAAGGCAGGT
CTAAG 55 370 370 370 AluI 
199+ 
115+ 
56 
199+ 
115+ 
56 
~270+
100 
8 9537 U219928 CAPS 63.5 AACATCTAGGGGATGTGATTGGTG 
AAGCTGGTTTTGAATGTGTTGA
GG 55 1650 1650 1650 MspI 1650 1650 1550 
9 168 TG254 CAPS 4 GACTTCGGGGCAATTATCTG AAACGAGCACTGCATTCATG 55 1700 1700 1700 DraI 1200 1200 1700 
9 153 TG18 CAPS 14 AAGGGTTGTTGATTCCGTCA GCACCAGGTTTTCCATCTGT 55 468 468 468 RsaI 468 468 200 
9 7680 C2_At3g09925 SCAR 25 ATTGAAGCCTCAGATGGAATGGATG 
ACATGGGAGTTGTGTAGTAGAA
AGGG 55 880 880 1000     
9 89 TG223 SCAR 32 CAAGAAAATATTGTGTAGTGTTCTCCA TCCCCCTCTTCATCAAATTC 55 ~700 ~700 ~650     
9 743 SSR70 SCAR 42 TTTAGGGTGTCTGTGGGTCC GGAGTGCGCAGAGGATAGAG 50 
~120+ 
800+ 
1200+ 
3000 
~120+ 
800+ 
1200+ 
3000 
~93+ 
3000     
9 8127 C2_At3g63190 SCAR 52 TTGGTGCAGCCGTATGACAAATCC 
TCCATCATTATTTGGCGTCATAC
C 50 450 450 500     
9 7561 C2_At2g47580 CAPS 61 TAGCGGCGGCGAAGTTCCAC ATCAAACACTACCCACGCCTGTCC 55 
250 + 
~400 
+~700 
250 + 
~400 
+~700 
250 + 
~400 
+~800 
HinfI 
290 + 
mult 
bands 
290 + 
mult 
bands 
200 
9 6494 C2_At1g04190 CAPS 72.3 TCATTTCTTCGACAGTATGCTGAAGATT 
ATTCCATCATTTTGTCCATGCTT
CC 58 1201 1201 1201 ApoI 
1120+
86 
1120+
86 
1206 
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9 1825 T1190 CAPS 77 GCGTTCTCGTTACTGGTGCT GTTGCATGGTTGACATCAGG 55 1890 1890 1890 DraI 1100+
790 
1100+
790 
1890 
9 2063 T1519 CAPS 90 TGCACAGACACAAACTGCAA CACCCTGGTAATGCCAAACT 55 466 466 466 HincII 400+ 
66 
400+ 
66 
466 
9 7857 C2_At3g24010 CAPS 99 AGCATGCAATCAGGATTGCTGATG 
AAGTACTGATCGAGCTGCTGAA
TATG 55 1000 1000 1000 TaqI 1000 1000 850 
9 1736 T1065 CAPS 116 GACGGTGAAGGGTACCAAGA CAGGAGTGCATGGGTAGGTT 55 407 407 407 Tsp509I 282 282 350 
9 7853 C2_At3g23400 CAPS 84.5 TGGGCTAAACAGAGGTCTTGCTGC 
TATAAGTTCAAATTTGTGGGCTA
AAG 55 909 909 909 DraI 
494+ 
415 
494+ 
415 
909 
9 171 TG328 CAPS 106 TGAATGGACTGGTGATCTGC TTGGAAAGAATTGGCTTTTGA 51 663 663 663 BstNI 663 663 ~400+
250 
10 4723 C2_At3g20390 SCAR 0 TGCTTAAGCATTTCCACTGATGCC 
AGCTTTGATGGCTTGAGAGTAT
GG 55 900 900 750     
10 6856 C2_At1g53000 CAPS 7.5 AGATTCTCGGCAAGCCTATGATCC AAGCTTTGCCCTTTCCCATGTTC 55 1800 1800 1800 DpnII 
~700+
500+ 
320+ 
150 
~700+
500+ 
320+ 
150 
~650+
350+ 
200+ 
150 
10 4659 C2_At5g60990 CAPS 14 TGATACACTGAAGCAGCAGTATCG 
AGCCAGAAGACGAGTTGCATCA
C 50 1400 1400 1400 DraI 1400 1400 
1000+
~350 
10 8186 C2_At4g04930 CAPS 23.5 TACAGATGAACCTCATGCTTCTCGTAG 
ATTCCATCAACTCCTTGGAAGC
G 55 1650 1650 1650 AluI 
~850+
350+ 
230+ 
210 
~850+
350+ 
230+ 
210 
250+ 
450+ 
550 
10 4643 C2_At5g04910 CAPS 33.7 TCAACTTACCAACAGCTATGCAGTG TGTGGCGGTCAGTTGCAGCTTC 55 850 850 850 AluI 
~300+
250+ 
150 
~300+
250+ 
150 
500 
10 9656 U241700 CAPS 41.5 GAGAATCTCGGGTTTTCGTTAG 
CAAGAAATCTTCCAACTCTTTCG
AC 55 550 550 550 DraI 
~300+
200 
~300+
200 
550 
10 6984 C2_At1g67660 CAPS 55.5 ATGAGCAATGCATGCGTTTCGAG 
TGGCATTCCTGTTCGCAGATGG
TAG 55 350 350 350 SacI 350 
350+ 
300 
300 
10 8025 C2_At3g54360 CAPS 56 AGCTTTCCTGGTTCAACAAGCC AACTGCTCCGAGCTGTGAGCAC 55 300 300 300 HinfI 150 150 220 
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10 7713 C2_At3g12290 CAPS 57.7 TCGGCAAGCTTGCAATGAAAGG 
TTGCTTCGACCAACCACAACTG
C 55 280 280 280 HinfI 280 280 200 
10 4076 t CAPS 61 CCTTAGGCCGTGTTGTGTTT CCGTCAGAAAGCTTCACTCC 60 871 871 871 RsaI 
~600+
150+ 
100 
~600+
150+ 
100 
~750+
150 
10 7676 C2_At3g09740 CAPS 71.5 TCCGACATAGAAACTGCTCTTCAG AGTCCTCCGAATCTCAGCATTG 55 250 250 250 DraI 100 100 200 
10 9542 U221455 SCAR 81 AGGCGCTTCTTATTATCTTTCTC 
ACCACAAGCAATCATTTCTACAC
C 55 750 750 870     
10 6987 C2_At1g67740 CAPS 43.5 ATGTGACTCCGCATTTGCAGCTC 
ATCTCATCTTATTAATCTGATTC
AAAGC 55 370 370 370 Tsp509I 370 370 
170+ 
200 
10 8508 C2_At4g37510 CAPS 53 ATGGAATTATGTTCATCTTTCAAACC 
ATTAGTCCTCTCACACTTAGGAT
GTTG 55 519 519 519 DraI 
306+ 
213 
306+ 
213 
519 
11 4731 C2_At5g09880 SCAR 0 AGGGTCAAGCATATCCATGTGGAC 
TCTCTTGTGCATGGCTTGTTGA
GC 55 300 300 550     
11 4648 C2_At3g52220 SCAR 10 TGCTCGGGTGGATGGTCTTGG 
TGATGGTGAACTTGGTTCTTCC
C 55 250 250 400     
11 8107 C2_At3g60830 CAPS 21 ATGCTGGTTCTAAATTTCTCAAAGC 
ATATGCGTCCAACTGCATAAAG
CG 55 2000 2000 2000 HaeIII 
900+1
100 
900+1
100 
2000 
11 At2 I SCAR ~29 CGAATCTGTATATTACATCCGTCGT 
GGTGAATACCGATCATAGTCGA
G 60 130 130 N.A.     
11 4725 C2_At5g16710 CAPS 31.4 ACTTGATGAGCTGACAGCTTTCAATG 
AGCTTTGGTCCAAGCGACAAAT
C 55 1400 1400 1400 AluI 
500+~
280+ 
~150 
500+~
280+ 
~150 
650+ 
~280 
11 6807 C2_At1g44790 SCAR 40.5 TCGGTTTTATCAAAGGCTATCGTC 
TGTTACTGTTCTACCTGGGAATT
CTGG 55 300 300 250     
11 bO16 I-3 Bac2 SCAR ~41-
46 
GTAACTTAGAAATGGTCAAAA
TGG 
CCAAGTTAATTTCACTATTTCGG
A 59 534 534 N.A.     
11 4722 C2_At4g10050 CAPS 53.7 ATCACCCTTCTGCCTTTTCTTC 
ATCTGGGATCTGAATGTCATCCT
C 55 650 650 650 MspI 650 650 
350+ 
300 
11 4693 C2_At5g04590 SCAR 56 ATCACCACAGTCCTTGCACAGGG AGGACAAAGTGGAAAAGCTGGG 53 1200 1200 1100     
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11 565 TG400 CAPS 57 TCCAAATCCACCACCTATCC AGCATTGCTCCCTGCTAAAG 55 ~404 ~404 ~404 HinfI ~404 ~404 ~300+100 
11 7924 C2_At3g44880 CAPS 61 ACAAGATTCGTCGTCGAAATTCTC 
ACCACATCCATTAAATGACCATC
C 55 ~320 ~320 ~320 DraI 
~260+
60 
~260+
60 320 
11 8150 C2_At4g01560 CAPS 61 AGACTGTCTGTTTACCTGATGATGAAGAG 
TCATCAACATCGTTGCCAGCAA
ATAG 53 ~250 ~250 ~250 HinfI 120 120 180 
11 4657 C2_At3g44890 CAPS 62 ATTGGGCAAAGCTCAAATTGTGAC 
AGCCTCAATTTTCTCGTCTTCCA
TC 55 1650 1650 1650 HinfI 
700+ 
400+ 
450 
800+ 
450+ 
400 
750 
11 7327 C2_At2g27730 CAPS 69 TGGAGAAAGAGAAGCTGGAGAAGC 
TCCTTTGACATTAGGTACCAACC
C 55 
880     
(+faint 
600) 
880     
(+faint 
600) 
880     
(+faint 
600) 
HaeIII ~800+
600 
~800+
600 
~500+
200 
11 4666 C2_At3g52730 CAPS 70 ATTATGGCGTTAAAACTCTCTGGG 
AACAGGCCGCTGTCCAAGAACT
G 55 2800 2800 2800 MspI 
1900+
900 
1900+
900 
1300+
750 
11 7321 C2_At2g27290 CAPS 71 AATTAGAGCATTGAAGGAGAAAAC 
TAGCAAGGATTGAACATCAACA
CC 55 1100 1100 1100 HinfI 850 850 1100 
11 8028 C2_At3g54470 CAPS 72 TCCTGACTTTGGTTCTAAGCTTAGATCG 
TCAAATATTAAGAAGTTGTGCTT
GTCTGC 55 700 700 700 RsaI 
450+ 
225 
450+ 
225 
700 
11 8445 C2_At4g32930 CAPS 88 TCCTCTTCCTATTGGCAAGGGC 
TGGACACTCCCCCTTTTCATCAT
AC 55 1200 1200 1200 HinfI 
525+3
50+ 
250 
525+3
50+ 
250 
600+ 
525 
11 Z1063 I-2 SCAR ~90 ATTTGAAAGCGTGGTATTGC CTTAAACTCACCATTAAATC 51 940 N.A.      
11 4660 C2_At5g58490 CAPS 97 TGGTGTTTTTCATCTTGCTTCTCC 
ATACAATCAGCTGGCCAATTAG
G 50 850 850 850 AluI 
400+ 
200 
400+ 
200 
650 
11 7194 C2_At2g14260 CAPS 46.7 AGGATCTATACCCCTCTATAGAGCC 
TTATTGGGTGAAGTCCCACCTC
C 55 1450 1450 1450 
CfoI 
(HhaI) 
400+ 
1050 
400+ 
1050 
400+ 
300+ 
750 
11 9140 C2_At5g60600 CAPS 79 TTGCTTCAAGGTTGCAGAATGCG 
ACCAGGCAAGTGTGACGTCTTC
TCTC 55  250 250 RsaI 
120+ 
80 
120+ 
80 
250 
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Chr1 
SGN id/ 
ID marker Protocol cM
2 F primer (5'-3') R primer (5'-3') 
Tm 
(oC) Tristar M82 LA716 
Restr 
Enzime Tristar M82 LA716 
12 166 TG180 CAPS 9 TCTCAGTGGACTAAGGGGTCA TCACAGCAGACATGTCGGAC 55 1000 1000 1000 DraI 900 900 1000 
12 94 TG68 CAPS 21 TCCACCTAGGATGAGTTTGGA CATGTCAAGGGGATTGAACA 50 440 440 440 DpnII 440 440 200 
12 4102 C2_At5g19690 CAPS 27 AGAGAGGCTTATGCATGGTTGAGC 
TAGTTTGATAGCCATAGTCCCAC
C 55 1350 1350 1350 HaeIII 
770+ 
~300 
770+ 
~300 
1100 
12 7178 C2_At2g06005 CAPS 34 AGATGGCGTTGTTGCAATATCAGC 
TCATTACATCTTTCGTATTTGCT
CAAG 55 400 400 400 HinfI ~190 ~190 350 
12 2979 cLET-8-K4 CAPS 41 CACTTTGTGGCAATCGACAT TGCCTTATGCCAAACAGAAA 55 1100 1100 1100 DpnII 1000 1000 900 
12 2233 T1736 SCAR 52 ATTCTCGATCAACGGACCAC ACACTGAGCAATGCGAATCA 55 1200 1200 1050     
12 8293 C2_At4g18593 CAPS 59 AGGTGATTGTTATAATCGTGGAGAAAG 
TTCACAATGCGCACATAAAAGCT
TG 55 850 850 850 HaeIII 
700+1
50 
700+1
50 
850 
12 6642 C2_At1g17410 CAPS 64.5 ATTGGCTATAATAAAGCCAGATGG AATTAATGCACGCCAATCAGC 55 1756 1756 1756 TaqIa 
971+ 
449+ 
335 
971+ 
449+ 
335 
971+ 
~350 
12 1610 T0801 CAPS 74 GAGCCGGAAGGTATGATTGA GACCTTGTGGTAGGGCATGT 55 ~650 ~650 ~650 AccI 400 400 ~650 
12 8274 C2_At4g16580 CAPS 85 TGTTACCTGCCTCATCCTGATAAAG 
ATTTTGAAGACCTCTCCAGAACT
TGG 55 550 550 550 HaeIII 
200+ 
150 
200+ 
150 
350+ 
200 
12 1912 T1305 CAPS 90 CCTTGTACCCCCAAATCTGA CCTGAATTTTGGCTCCAGAC 50 1250 1250 1250 EcoRI 1050+200 
1050+
200 1250 
12 6824 C2_At1g48300 CAPS 105 AAGAAGATGAAATTACTTAAGGGTTTG 
TTTAGTGTTGCATTCTCAAGTGC
TCG 55 900 900 900 HinfI 
550+ 
200   
+100 
550+ 
200   
+100 
850 
12 7766 C2_At3g17000 SCAR 115 TTCCGATGATTTCATGAGCCTTCC 
TCGTGGACCCCTGATTGCAAAT
TG 55 1200 1200 1100     
12 8417 C2_At4g31150 CAPS 96.5 TACTGAAGATGACTTCAAATGGAGATT 
TCATTTTATCCAAAAGTTCCAGA
A 60 407 407 407 EcoRV 
344+ 
63 
344+ 
63 
407 
1Chromosome, 2 Genetic distances in centiMorgans on the EXPEN 2000 map, N.A.= No Amplification
Appendix 2. CountTagByGene program script written by the ANU 
Genome Discovery Unit and used for Differential Expression Analysis 
  
CountTagByGene 
!
#!/usr/bin/perl -w 
use strict; 
use Data::Dumper; 
my $refgtf = shift;  ###reference GTF supplied to the tophat 
my $cuffgtf = shift; ###GTF file generated by the cufflinks program 
my $intersectfiles = shift; ###comma separated list 
my $samplenames = shift; ####comma separated list corresponding the 
file order 
my $rawcountout = shift; ####file to put the raw counts 
my $fpkmcountout = shift; ####file to put the length normalized counts 
my $tlengthout = shift; ####file to put the transcript length 
information 
my %transcript2gene = (); 
open (F, "<$refgtf") or die $!; 
while (<F>){ 
  $_ =~ /gene_id \"(\S+)\"; transcript_id \"(\S+)\";/; 
  my $gid = $1; 
  my $tid = $2; 
  $transcript2gene{$tid} = $gid; 
} 
close F; 
my %convertCUFF2ENS = (); 
open (F, "<$cuffgtf") or die $!; 
while (<F>){ 
  chomp $_; 
  my @a = split("\t", $_); 
  if ($a[2] eq "exon"){ 
    $_ =~ /gene_name \"(\S+)\"; oId \"(\S+)\";/; 
    my $gid = $1; 
    my $tid = $2; 
    if (defined $gid && defined $tid && ! exists 
$convertCUFF2ENS{$tid}){ 
      $convertCUFF2ENS{$tid} = $transcript2gene{$tid}; 
    } 
  } 
} 
close F; 
my %transcriptLength = (); 
open (F, "<$cuffgtf") or die $!; 
while (<F>){ 
  chomp $_; 
  my @a = split("\t", $_); 
  if ($a[2] eq "exon"){ 
    $_ =~ /gene_name \"(\S+)\"; oId \"(\S+)\";/; 
    my $gid = $1; 
    my $tid = $2; 
 next unless defined $gid && defined $tid; 
    if (defined $convertCUFF2ENS{$tid}){ 
      $transcriptLength{$convertCUFF2ENS{$tid}}{$tid} += ($a[4] - 
$a[3] + 1); 
    }else{ 
      $transcriptLength{$gid}{$tid} += ($a[4] - $a[3] + 1); 
    } 
  } 
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} 
close F; 
my %geneRepLength = (); 
foreach my $gene (keys %transcriptLength){ 
  my $reflength = 0; 
  foreach my $transcript (keys %{$transcriptLength{$gene}}){ 
    if ($transcriptLength{$gene}{$transcript} > $reflength){ 
      $geneRepLength{$gene} = $transcriptLength{$gene}{$transcript}; 
      $reflength = $transcriptLength{$gene}{$transcript}; 
    } 
  } 
} 
open (F, ">$tlengthout") or die $!; 
print F "GeneID\tRepTranscriptLength\n"; 
foreach my $g (keys %geneRepLength){ 
  print F "$g\t$geneRepLength{$g}\n"; 
} 
close F; 
my @samples = split(",", $samplenames); 
my @files = split(",", $intersectfiles); 
my %tagcounts = (); 
for (my $i=0;$i<scalar(@samples);$i++){ 
  my %counts = (); 
  print "Reading $files[$i]\n"; 
  open (F, "<$files[$i]") or die $!; 
  while (<F>){ 
    chomp $_; 
    my @a = split ("\t", $_); 
    if ($a[14] eq "exon"){ 
      $_ =~ /gene_name \"(\S+)\"; oId \"(\S+)\";/; 
      my $gid = $1; 
      my $tid = $2; 
      $counts{$convertCUFF2ENS{$tid}}{$a[3]}="" if defined $tid && 
defined $convertCUFF2ENS{$tid} && defined $a[3]; 
    } 
  } 
  close F; 
  foreach my $gene (keys %counts){ 
    $tagcounts{$gene}{$samples[$i]} = keys(%{$counts{$gene}}); 
  } 
} 
open (F, ">$rawcountout") or die $!; 
open (I, ">$fpkmcountout") or die $!; 
 
print F "GeneID\t".join("\t", @samples)."\n"; 
print I "GeneID\t".join("\t", @samples)."\n"; 
foreach my $gene (keys %tagcounts){ 
  print F "$gene"; 
  print I "$gene"; 
  foreach my $s (@samples){ 
    if (exists $tagcounts{$gene}{$s}){ 
      print F "\t$tagcounts{$gene}{$s}"; 
      print I 
"\t".(($tagcounts{$gene}{$s}*1000)/$geneRepLength{$gene}); 
    }else{ 
      print F "\t0"; 
      print I "\t0"; 
    } 
  } 
  print F "\n"; 
  print I "\n"; 
} 
close I; 
close F;exit; 
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Appendix 3. DNA marker analysis of genes showing apparently high 
levels of single nucleotide polymorphisms between Tristar and M82 in 
root RNAseq data 
 
 
 
 
 
 
Appendix 3.1 (a) Plot of SNP frequency for Tristar root transcripts (number of 
SNPs for each transcript / length of the transcript) relative to the chromosome 1 
transcriptome (International Tomato Annotation Group, ITAG2.3 release; file 
ITAG2.3_cdna_alignments.gff3, obtained from the SOL genomics network 
http://solgenomics.net/organism/Solanum_lycopersicum/genome). Genes with 
high SNP frequencies (labelled in green) were targeted for marker analysis. 
Numbers on the x-axis are an abbreviation of the gene numbers used in the 
annotation of the tomato genome i.e. removing the zeros before and after the 
numerals in the gene numbers. (b) Agarose (2% w/v) gel electrophoresis 
showing marker analysis of genomic DNA samples from Tristar and M82 using 
primers targeting Solyc01g020280 and Solyc01g079730. PCR products were 
digested with restriction enzymes targeting restriction site polymorphisms arising 
from apparent single nucleotide polymorphisms. For Solyc01g020280, PCR 
products were digested with AluI (NEB). Digestion of Tristar was expected to 
produce products of 227 bp and 155 bp, while M82 was expected to remain 
undigested. Neither product was digested. For Solyc01g079730, PCR products 
were digested with XmaI (NEB). Digestion of Tristar was expected to produce 
products of 173 bp and 54 bp and 5 bp, while M82 was expected to produce 
products of 227 bp and 5 bp. Only the 227 bp product was observed. In both 
cases, marker analysis revealed that the single nucleotide polymorphisms 
tested between the two cultivars were not real. 
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Appendix 3.2 (a) Plot of SNP frequency for Tristar root transcripts (number of 
SNPs for each transcript / length of the transcript) relative to the chromosome 
10 transcriptome (International Tomato Annotation Group, ITAG2.3 release; file 
ITAG2.3_cdna_alignments.gff3, obtained from the SOL genomics network 
http://solgenomics.net/organism/Solanum_lycopersicum/genome). Genes with 
high SNP frequecies (labelled in green) were targeted for marker analysis. 
Numbers on the x-axis are an abbreviation of the gene numbers used in the 
annotation of the tomato genome i.e. removing the zeros before and after the 
numerals in the gene numbers. (b) Agarose (2% w/v) gel electrophoresis 
showing marker analysis of genomic DNA samples from Tristar and M82 with 
primers targeting Solyc10g018960 and Solyc01g044850. PCR products were 
digested with restriction enzymes targeting the restriction site polymorphisms 
arising from apparent single nucleotide polymorphisms. For Solyc10g044850, 
PCR products were digested with AluI (NEB). Digestion of Tristar was expected 
to produce an undigested 367 bp product, while M82 was expected to 
produce 246 bp and 121 bp products. Despite exhaustive digestion, both 
digested and undigested products were observed for both cultivars consistent 
with amplification of non-polymorphic sequences (with respect to cultivars) 
from duplicated genes. For Solyc10g018960, PCR products were digested with 
HaeIII (NEB). Digestion of Tristar was expected to produce products of 353 bp 
and 245 bp, while the 598 bp M82 product was expected to remain undigested. 
Digested products were observed for both cultivars. In both cases, marker 
analysis revealed that the single nucleotide polymorphisms tested between the 
two cultivars were not real. 
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Appendix 3.3 (a) Plot of SNP frequency for Tristar root transcripts (number of 
SNPs for each transcript / length of the transcript) relative to the chromosome 8 
transcriptome (International Tomato Annotation Group, ITAG2.3 release; file 
ITAG2.3_cdna_alignments.gff3, obtained from the SOL genomics network 
http://solgenomics.net/organism/Solanum_lycopersicum/genome). The 
Solyc08g016450 gene (labelled in green), which showed a high SNP frequency, 
was targeted for marker analysis. The level of SNP variation of the 
Solyc08g077740 gene (I-7 candidate) is also shown (labelled in red). Numbers 
on the x axis are an abbreviation of the gene numbers used in the annotation 
of the tomato genome i.e. removing the zeros before and after the numerals in 
the gene numbers. (b) Agarose (2% w/v) gel electrophoresis showing marker 
analysis of genomic DNA samples from Tristar and M82 using primers targeting 
Solyc08g016450. PCR products were digested with Tsp45I (NEB). Digestion was 
expected to produce products of 451 bp and 198 bp for M82 while the 649 bp 
Tristar product was expected to remain undigested. Despite exhaustive 
digestion, both products remained largely undigested, however there were 
faint digestion products for both cultivars consistent with amplification of major 
and minor PCR products from two related genes. Marker analysis revealed that 
the apparent single nucleotide polymorphism tested for Solyc08g016450 was 
not real. 
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Appendix 4. Alignment of Tristar and M82 alleles of Solyc08g077740 
(CLUSTAL format alignment using MAFFT, v7.205) 
 
Tristar         atggagtaccaacaattgctaatagctttctgcttctattcactttttgtccaacaatct 
M82             atggagtaccaacagttgctaatagctttctgcttctattcactttttgtccatcaatct 
                **************.************************************** ****** 
 
Tristar         cagtttgcatatgctgggaaacatctctgtcctcgcgatcaagctttttatttgcttcaa 
M82             cagcttacatatgctaggaaacatctctgtactcgcgatgaagctttttatttgcttcaa 
                ***.**.********.************** ******** ******************** 
 
Tristar         tttaagcaaggactcaccgttgatccaaatgct------tacgactgtgaaaacaaggcc 
M82             cttaagcaaggcctcactgttgataaaaatgcttattactatggctgtgacagtgaggcc 
                .********** *****.******  *******      **.*.****** *...***** 
 
Tristar         cgaagcaagactttgtcctggaatgttacaggagattgttgtgaatgggatggtgtcact 
M82             gaagccaagactttgtcttggaatgctacaagagattgttgtgaatggggtggtgttact 
                 .*. ************.*******.****.******************.******.*** 
 
Tristar         tgcaatggattgacgggtcatgtcataggcctcgatctttcttgcagctttcttattgga 
M82             tgcaatggattgacgggtcatgtcataggcctcgacctttcttgcagctttcttattgga 
                ***********************************.************************ 
 
Tristar         accatcaatgctaacagtagcctcacaaaacttagtcatctccaaagactcaaccttgcc 
M82             accatcaatgctaacaatagcctcacaaaacttggtcatctccaaagactcaaccttgcc 
                ****************.****************.************************** 
 
Tristar         tccaatgagttcaatgactttccacttggaaatagtactagtgaactcagtagcttgacg 
M82             ctcaatgtgttcaatgacttcccacttggaaatagtattagtgaactcagtagcttgacg 
                ..***** ************.****************.********************** 
 
Tristar         catctcaatctttcggattctggaatatttaacgaaaggaagatgattccaccagggtta 
M82             catctcaatctttcggattctggaatatttaacgaaaggaagatgattccaccagggtta 
                ************************************************************ 
 
Tristar         tgcaagttgtctaagttgatttcacttgatctctccggaagttacatccaagttggccga 
M82             tgcaagctgtctaagttgatttcacttgatctctccggaagttacatacaagttggccga 
                ******.**************************************** ************ 
 
Tristar         acaaccttcacaagtttgctgcacaacttaaccaacttagaggtactgttgtttgactat 
M82             acaaccttcacaagtttgctgcacaacttaaccaacttagaggtactgttgtttgactat 
                ************************************************************ 
 
Tristar         gtgtatgcatcatttgagttacctaagaagttcccttcttcccttaggaagttaagtctt 
M82             gtgtatgcatcatttgagttacctaagaagttcccttcttcccttaggaagttgagtctt 
                *****************************************************.****** 
 
Tristar         caaggaaccaacgtgtttggaaacataactgattctcagctttttcatctaccaaacttg 
M82             caaggcaccaacatgtttgggaacataactgattctcagctttttcatctaccaaacttg 
                ***** ******.*******.*************************************** 
 
Tristar         caagtgctgagattgggagataatccgtcgttaacaggcactctgccaaatttccactgg 
M82             caagtgctgagattgggagataatccgtcgttaacaggcactttgccaaatttccactgg 
                ******************************************.***************** 
 
Tristar         aatttcagtaaaagtgttttagagttggacttctcttataccggtatttttggcaaggta 
M82             aatttcagtaaaagtgttttagagttggacttctcttatactggtatttttggcaaggta 
                *****************************************.****************** 
 
Tristar         cctgattctattggtattctccagtctctttggcgtttgaacctctttaattgccattta 
M82             cctgattctattggtattctccattctctttggcgtttgaacctctttaattgccattta 
                *********************** ************************************ 
 
Tristar         tctggctcgattccagaatcctttggcaacctcactacaatcagagagttgatactttca 
M82             tctggctcgattccagaatcctttggcaacctcactacaatcagagagttgatactttca 
                ************************************************************ 
 
Tristar         ggtaacaacttcactggtaatattctctcaactatctcaaaattaaacaaactcgttaat 
M82             ggtaacaacttcactggtaatattctctcaactatctcaaaattaaacaaactcgttaat 
                ************************************************************ 
 
Tristar         ttacatctctcttccaaccattttcgaggctccattccagaatccattggcaacctcact 
M82             ttacatctctcttccaaccattttcgaggctccattccagaatccattggcaacctcact 
                ************************************************************ 
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Tristar         gcaattagagagttgatactttcagataacagtttcgctggatatgttccctcaagtatc 
M82             gcaattagagagttgatactttcagataacagcttcactggaaatgttccctcaagtatc 
                ********************************.***.***** ***************** 
 
Tristar         ggaaagctgaataaacttgactccttatctctctcttccaataattttgaaggctcgatt 
M82             ggaaagctgaataaacttgactccttatctctctcttccaataattttgaaggctcgatt 
                ************************************************************ 
 
Tristar         ccagacatctttgccaacttttcagagctgtatagtttagattttcacagtaacaatttc 
M82             ccagacatctttgtcaacttttcagagctgaatagtttagattttcacagtaacaatttc 
                *************.**************** ***************************** 
 
Tristar         gttggcccattcccttattcaattgcaaccttgacacaccttgatggtttagagctgcaa 
M82             gttggcccattcccttattccattgcaaccttgacacaccttgatggtttagagttgcaa 
                ******************** *********************************.***** 
 
Tristar         aacaattcactaactggtccacttccctctaatataagcggatttcaaaacctgtttaat 
M82             aacaattcactaactggtccacttccctctaatataagcggatttcaaaacctgtttaat 
                ************************************************************ 
 
Tristar         cttgatctgtccttcaatcatttgactggcgcaacacccccttggttattccaattacca 
M82             cttgatctgtccttcaattatttaactggcgcaacacccccttggttattccaattacca 
                ******************.****.************************************ 
 
Tristar         tccttgatgtctttaagtgttcaagcaaataaatttactggggaattgccaaatgagctc 
M82             tccttgatgtctttaagtgttcaagcaaataaatttactggggaattgccaaatgagctc 
                ************************************************************ 
 
Tristar         aacaggagtacctcggtaccatttattgatatttcgtacaacaatctgcatggagaaata 
M82             aacaggagttcctcggtaccatttattgatatttcgtacaacaatctgcatggagaaata 
                ********* ************************************************** 
 
Tristar         ccttattggatgttgtctatggtgatgaatagtctggatctctctcataacttcctcaca 
M82             ccttattggatgttattcatgagcatagatagcctggatctctctcataacttcctcaca 
                **************.*..***.  **..****.*************************** 
 
Tristar         ggctttgaaaaacaagtatggcactcagagtacttgtcctaccttaatttggagaacaat 
M82             ggctttgaaaaacaagtatggcactcagagtacttgtcctaccttaatttggagaacaat 
                ************************************************************ 
 
Tristar         tttcttcaagggcctctgcatcaatccatttgtgacttgattaaccttgaattcctcatt 
M82             cttcttcaagggcctctgcatcaatccatttgtgacttgattaaccttgcattcctcatt 
                .************************************************ ********** 
 
Tristar         ttggctcagaacaatttcaatggttcaattccagactgtttgggtaactccaataggctc 
M82             ttggctcagaacaatttcaatggttcaattccagactgtttgggtaactccaataggctc 
                ************************************************************ 
 
Tristar         atttctattttagacttgcgaatgaataattttcatggagagataccaacattcttacct 
M82             atttctattttagacttgcgaatgaataattttcatggagagataccaacattcttatct 
                *********************************************************.** 
 
Tristar         agagggttagagtatcttggtttatatggcaatcaattgaggggacaagtcccgcgatcc 
M82             acagggttacagtatcttggtttatatggcaatcaattgaggggacaagtcccgcgatcc 
                * ******* ************************************************** 
 
Tristar         ttggttaaccgtacaagcttggtagctcttgatttggggaacaacaagctcaatgacacg 
M82             ttggttaactgtacgagcttggtagctcttgatttggggaacaacaagttcaatgatacg 
                *********.****.*********************************.*******.*** 
 
Tristar         ttcccaatatggctcgagaaacttccaaacctacaagttttgattctgaaatcaaatctc 
M82             ttccccatatggctggagaaacttccaaacctacaagttttgattctgaaatcaaatctc 
                ***** ******** ********************************************* 
 
Tristar         tttcacggtccaattggtgatttggagtctgaatttccatttcctgagttacgaatcttt 
M82             tttcacggtccaattggtgatttggagtctgaatttccatttcctgagttacgaatcttt 
                ************************************************************ 
 
Tristar         gacctttccttcaatgggttcactggaactttgtcatctaatcttttcaaaagctttaga 
M82             gacctttccttcaatgggttcactggaactttatcatctaatcttttcaaaagttttaga 
                ********************************.********************.****** 
 
Tristar         ggtatgatggatgcggatgaaggaaaatcaggaattagtcgagctaggaataggacacgc 
M82             ggtatgatggatgtggatgaaggaaaagcaggaattagtcgatcttggaatgggactcgg 
                *************.************* ************** ** *****.**** **  
 
Tristar         agagattacctttaccatgttagtttagtgataaaaggcaatgagtttgatatgagaatc 
M82             agagattacttttaccatgttagtttagtgataaaaggcaatgagtttgatatgagaatc 
                *********.************************************************** 
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Tristar         acatcaattatgacgagtgttgatttatcaagcaacaggtttgaaggagatattccaaat 
M82             acatcaattatgacgagtgttgatttatcaagcaacaggtttgaaggagatattccaatt 
                ********************************************************** * 
 
Tristar         tccattggaaatctgagctcacttgtgttactcaacctgtctcacaacagcttccgtggt 
M82             tccgttggaaatctgaggtcacttgtgttactaaacctatcccacaacagcttccgtgga 
                ***.************* ************** *****.**.*****************  
 
Tristar         catattcctgcagaatttacaaagttgcagcagctcgaagcattagatctctcatggaac 
M82             catattcctgcagaattcacaaagttgcagcagctcgaagcattagatctctcatggaac 
                *****************.****************************************** 
 
Tristar         agactcataggagaaattccaggtcaattgtcgagtttgacatttcttgaggtcttaaac 
M82             agactcattggagaaattccaggtcaattgtcgagtttgacatttctcgaggtcttaaac 
                ******** **************************************.************ 
 
Tristar         ctttcctacaatcatctggctgggcgcattcctattgggaaacagttcaatacatttcca 
M82             ctttcctacaatcatctggctgggcgcattcctattgggaaacagttcaatacatttcca 
                ************************************************************ 
 
Tristar         aatgattcgtattgtggaaatcctgatttatgtggatttccactgtcaatggagtgtgga 
M82             aatgattcgtattgtggaaatcctgatttatgtggatttccactgtcaaaggagtgtggg 
                ************************************************* *********. 
 
Tristar         aacaataatgagtcaccacttgaacgcgatgatgatgatgatgatgatgatgattcatat 
M82             aacagaaatgaacc---------------cgatgataatgatgatgatgatgattcatat 
                ****. *****..*               .******.*********************** 
 
Tristar         tttatgagcgggttcacatgggaagcagttgcaataggttatggttgtggtatgatattt 
M82             tttatgagcgggtttacatgggaagcagttgcaataggttacggttgtggtatgatattt 
                **************.**************************.****************** 
 
Tristar         ggattgttgataggagccctaatgtttctactggaaaaaccaaaatggtatgtgaagttt 
M82             ggattgttgataggaggcctcatgtttctactgcaaaaaccaaaatggtatgtgaagttt 
                **************** *** ************ ************************** 
 
Tristar         gctgaagatattgctcagcaaattgctgctaagaagcgaacaaggcaaaagaagatacgc 
M82             gctgaagatatcgctcaacaaattgctgctaagaagcgaaaaaggcaaaagaagagacgt 
                ***********.*****.********************** ************** ***. 
 
Tristar         caaagacgtggtgtaagaatgaattag 
M82             caaaaacgtggtttaagcatgaattag 
                ****.******* **** ********* 
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Appendix 5. pL2 vector graphic representation and sequence 
 
 
 
 
 
 
TTTTTATCCCCGGAAGCCTGTGGATAGAGGGTAGTTATCCACGTGAAACCGCTAATGCCCCGCAAAGCCTTGATTCACGG 
GGCTTTCCGGCCCGCTCCAAAAACTATCCACGTGAAATCGCTAATCAGGGTACGTGAAATCGCTAATCGGAGTACGTGAA 
ATCGCTAATAAGGTCACGTGAAATCGCTAATCAAAAAGGCACGTGAGAACGCTAATAGCCCTTTCAGATCAACAGCTTGC 
AAACACCCCTCGCTCCGGCAAGTAGTTACAGCAAGTAGTATGTTCAATTAGCTTTTCAATTATGAATATATATATCAATT 
ATTGGTCGCCCTTGGCTTGTGGACAATGCGCTACGCGCACCGGCTCCGCCCGTGGACAACCGCAAGCGGTTGCCCACCGT 
CGAGCGCCAGCGCCTTTGCCCACAACCCGGCGGCCGGCCGCAACAGATCGTTTTATAAATTTTTTTTTTTGAAAAAGAAA 
AAGCCCGAAAGGCGGCAACCTCTCGGGCTTCTGGATTTCCGATCCCCGGAATTAGAGATCTTGGCAGGATATATTGTGGT 
GTAACGTTAACATTAACGTTTACAATTTCGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCG 
GGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCC 
AGTCACGACGTTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTC 
GAGGTCGACGGTATCGCGATAAGCTTGATATCGaattccaatcccacaaaaatctgagcttaacagcacagttgctcctc 
tcagagcagaatcgggtattcaacaccctcatatcaactactacgttgtgtataacggtccacatgccggtatatacgat 
gactggggttgtacaaaggcagcaacaaacggcgttcccggagttgcacacaagaaatttgccactattacagaggcaag 
agcagcagctgacgcgtatacaacaagtcagcaaacagataggttgaacttcatccccaaaggagaagctcaactcaagc 
ccaagagctttgctaaggccctaacaagcccaccaaagcaaaaagcccactggctcacgctaggaaccaaaaggcccagc 
agtgatctagccccaaaagagatctcctttgccccggagattacaatggacgacttcctctatctctacgatctaggaag 
aaagttcgacggtgaaggtgacgacaccatgttcaccactgataatgagaagattagcctcttcaatttcagaaagaatg 
ctgacccacagatggttagagaggcctacgcagcaggcctcatcaagacgatctacccgagtaacaatctccaggagatc 
aaataccttcccaagaaggttaaagatgcagtcaaaagattcaggactaactgcatcaagaacacagagaaagatatatt 
tctcaagatcagaagtactattccagtatggacgattcaaggcttgcttcataaaccaaggcaagtaatagagattggag 
tctctaaaaaggtagttcctactgaatcaaaggccatggagtcaaagattcaaatagaggacctaacagaactcgccgtg 
aaaactggcgaacagttcatacagagtcttttacgactcaatgacaagaagaaaatcttcgtcaacatggtggagcacga 
cactcttgtctactccaaaaatatcaaagatacagtctcagaagaccaaagggctattgagacttttcaacaaagggtaa 
tttcgggaaacctccttggattccattgcccagctatctgtcacttcatcgaaaggacagtagaaaaggaaggtggctcc 
tacaaatgccatcattgcgataaaggaaaggctatcgttcaagatctctctgccgacagtggtcccaaagatggaccccc 
acccacgaggagcatcgtggaaaaagaagacgttccaaccacgtcttcaaagcaagtggattgatgtgacatctccactg 
acgtaagggatgacgcacaatcccactatccttcgcaagacccttcctctatataaggaagttcatttcatttggagagg 
acacgctcgagtataagagctcatttttacaacaattaccaacaacaacaaacaacaaacaacattacaattgacTattt 
acaattacgtattacgctttgtttttataagtcagattttaatttttattggttaAcataacgaaaggtaaaatacataa 
ggcttactaaaagccagataacagtatgcgtatttGcgcgctgatttttgcggtataagaatatatactgatatgtatac 
ccgaagtatgtcaaaAagaggtgtgctatgcagtttaaggtttacacctataaaagagagagccgttatcgtctgTttgt 
ggatgtacagagtgatattattgacacgcccgggcgacggatggtgatccccctgGccagtgcacgtctgctgtcagata 
aagtctcccgtgaactttacccggtggtgcatatcGgggatgaaagctggcgcatgatgaccaccgatatggccagtgtg 
ccggtctccgttatcGgggaagaagtggctgatctcagccaccgcgaaaatgacatcaaaaacgccattaacctgAtgtt 
ctggggaatataaatgtcaggctccgttatacacagccagtctgcagtacgtaatTtggagaggacacgctgaaatcacc 
agtctctctctacaaatctatctctctctattttcTccataataatgtgtgagtagttcccagataagggaattagggtt 
cttatagggtttcgcTcatgtgttgagcatataagaaacccttagtatgtatttgtatttgtaaaatacttctatcaata 
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aaatttctaattcctaaaaccaaaatccagGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTCCGAGCTTGGCGT 
AATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAG 
TGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAA 
CCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCT 
CGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCC 
ACAGAATCAGGGGATAACGCAGGAAAGAACATGAAGGatcagcttgcatgccggtcgatctagtaacatagatgacaccg 
cgcgcgataatttatcctagtttgcgcgctatattttgttttctatcgcgtattaaatgtataattgcgggactctaatc 
aaaaaacccatctcataaataacgtcatgcattacatgttaattattacatgcttaacgtaattcaacagaaattatatg 
ataatcatcgcaagaccggcaacaggattcaatcttaagaaactttattgccaaatgtttgaacgatctgcttgactcta 
gctagagtccgaaccccagagtcccgctcagaagaactcgtcaagaaggcgatagaaggcgatgcgctgcgaatcgggag 
cggcgataccgtaaagcacgaggaagcggtcagcccattcgccgccaagctcttcagcaatatcacgggtagccaacgct 
atgtcctgatagcggtccgccacacccagccggccacagtcgatgaatccagaaaagcggccattttccaccatgatatt 
cggcaagcaggcatcgccctgggtcacgacgagatcctcgccgtcgggcatccgcgccttgagcctggcgaacagttcgg 
ctggcgcgagcccctgatgctcttcgtccagatcatcctgatcgacaagaccggcttccatccgagtacgtcctcgctcg 
atgcgatgtttcgcttggtggtcgaatgggcaggtagccggatcaagcgtatgcagccgccgcattgcatcagccatgat 
ggatactttctcggcaggagcaaggtgagatgacaggagatcctgccccggcacttcgcccaatagcagccagtcccttc 
ccgcttcagtgacaacgtcgagcacagctgcgcaaggaacgcccgtcgtggccagccacgatagccgcgctgcctcgtct 
tggagttcattcagggcaccggacaggtcggtcttgacaaaaagaaccgggcgcccctgcgctgacagccggaacacggc 
ggcatcagagcagccgattgtctgttgtgcccagtcatagccgaatagcctctccacccaagcggccggagaacctgcgt 
gcaatccatcttgttcaatcatgcctcgatcgagttgagagtgaatatgagactctaattggataccgaggggaatttat 
ggaacgtcagtggagcatttttgacaagaaatatttgctagctgatagtgaccttaggcgacttttgaacgcgcaataat 
ggtttctgacgtatgtgcttagctcattaaactccagaaacccgcggctgagtggctccttcaacgttgcggttctgtca 
gttccaaacgtaaaacggcttgtcccgcgtcatcggcgggggtcataacgtgactcccttaattctcatgtatcgatCCT 
TGACAGGATATATTGGCGGGTAAACTAAGTCGCTGTATGTGTTTGTTTGAGATCTCATGTGAGCAAAAGGCCAGCAAAAG 
GCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACG 
CTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTC 
CTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGC 
TGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTG 
CGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACA 
GGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACA 
GTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAGAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCAC 
CGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCT 
TTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTC 
ACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGTGTAACATTGGTCTAGTGATTAGAA 
AAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCT 
GTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCA 
ACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATC 
CGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCAC 
TCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTA 
CAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTC 
TAATACCTGGAATGCTGTTTTCCCTGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGA 
TGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACAACATTGGCAACGCTACCTTTG 
CCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGGTAGATTGTCGCACCTGATTGCCCGACATTATC 
GCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTTGAGCAAGACGTTTCCCGTTGAA 
TATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGATGATATATTTTTATCTTGT 
GCAATGTAACATCAGAGATTTTGAGACACAACGTGGCTTTGTTGAATAAATCGAACTTTTGCTGAGTTGAAGGATCAGAT 
CACGCATCTTCCCGACAACGCAGACCGTTCCGTGGCAAAGCAAAAGTTCAAAATCACCAACTGGTCCACCTACAACAAAG 
CTCTCATCAACCGTGGCTCCCTCACTTTCTGGCTGGATGATGGGGCGATTCAGGCGATCCCCATCCAACAGCCCGCCGTC 
GAGCGGGCT 
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Appendix 6 Protein alignment of Solyc08g077740 alleles from L. pennellii 
LA716, Tristar (I-7) and M82 
 
LA716     MEYQQLLIAFCFYSLFVQQSQFAYA 
Tristar   MEYQQLLIAFCFYSLFVQQSQFAYA 
M82       MEYQQLLIAFCFYSLFVHQSQLTYA 
          *****************:***::** 
 
LA716     GKHLCPRDQAFYLLQFKQGLTVDPNA--YDCENKARSKTLSWNVTGDCCEWDGVTCNGLTGH 
Tristar   GKHLCPRDQAFYLLQFKQGLTVDPNA—-YDCENKARSKTLSWNVTGDCCEWDGVTCNGLTGH 
M82       RKHLCTRDEAFYLLQLKQGLTVDKNAYYYGCDSEAEAKTLSWNATRDCCEWGGVTCNGLTGH 
           ****.**:******:******* **  *.*:.:*.:******.* *****.********** 
 
LA716           VIGLDLSCSF LIGTINANNS 
Tristar         VIGLDLSCSF LIGTINANSS 
M82             VIGLDLSCSF LIGTINANNS 
                ********** ********.* 
 
LA716     LTKLGHLQRLNLASNE FNDFPLGNS 
Tristar   LTKLSHLQRLNLASNE FNDFPLGNS 
M82       LTKLGHLQRLNLALNV FNDFPLGNS 
          ****.******** *  ********* 
 
LA716     ISELSSLTHLNLSDS GIFNERKMIPPG 
Tristar   TSELSSLTHLNLSDS GIFNERKMIPPG 
M82       ISELSSLTHLNLSDS GIFNERKMIPPG 
           ************** ************ 
 
 
LA716     LCKLSKLISLDLSGS YIQVGRTTFTSL 
Tristar   LCKLSKLISLDLSGS YIQVGRTTFTSL 
M82       LCKLSKLISLDLSGS YIQVGRTTFTSL 
          *************** ************ 
 
LA716     LQNLTNLEVLLFDYV YASFELPKKFPSS 
Tristar   LHNLTNLEVLLFDYV YASFELPKKFPSS 
M82       LHNLTNLEVLLFDYV YASFELPKKFPSS 
          *:************* ************* 
 
LA716           LRKLSLQGT NVFGNITDSQ 
Tristar         LRKLSLQGT NVFGNITDSQ 
M82             LRKLSLQGT NMFGNITDSQ 
                ********* *:******** 
 
LA716     LFHLPNLQVLRLGDNPSLTGTLPNFH 
Tristar   LFHLPNLQVLRLGDNPSLTGTLPNFH 
M82       LFHLPNLQVLRLGDNPSLTGTLPNFH 
          ************************** 
 
LA716     WNFSKSVLELDFSYT GIFGKVPDS 
Tristar   WNFSKSVLELDFSYT GIFGKVPDS 
M82       WNFSKSVLELDFSYT GIFGKVPDS 
          *************** ********* 
 
LA716     IGILQSLWRLNLFNC HLSGSIPES 
Tristar   IGILQSLWRLNLFNC HLSGSIPES 
M82       IGILHSLWRLNLFNC HLSGSIPES 
          ****:********** ********* 
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LA716     FGNLTTIRELILSGN NFTGNILST 
Tristar   FGNLTTIRELILSGN NFTGNILST 
M82       FGNLTTIRELILSGN NFTGNILST 
          *************** ********* 
 
LA716     ISKLNKLVNLHLSSN HFRGSIPES 
Tristar   ISKLNKLVNLHLSSN HFRGSIPES 
M82       ISKLNKLVNLHLSSN HFRGSIPES 
          *************** ********* 
 
LA716     IGNLTAIRELILSDN SFAGNVPSS 
Tristar   IGNLTAIRELILSDN SFAGYVPSS 
M82       IGNLTAIRELILSDN SFTGNVPSS 
          *************** **:* **** 
 
LA716     IGKLNKLDSLSLSSN NFEGSIPDT 
Tristar   IGKLNKLDSLSLSSN NFEGSIPDI 
M82       IGKLNKLDSLSLSSN NFEGSIPDI 
          *************** ********  
 
LA716     FANFSELYSLDFHSN NFVGPFPYS 
Tristar   FANFSELYSLDFHSN NFVGPFPYS 
M82       FVNFSELNSLDFHSN NFVGPFPYS 
          *.***** ******* ********* 
 
LA716     IATLTHLDGLELQNN SLTGPLPSN 
Tristar   IATLTHLDGLELQNN SLTGPLPSN 
M82       IATLTHLDGLELQNN SLTGPLPSN 
          *************** ********* 
 
LA716     ISGFQNLFNLDLSFN HLTGATPPW 
Tristar   ISGFQNLFNLDLSFN HLTGATPPW 
M82       ISGFQNLFNLDLSFN YLTGATPPW 
          *************** :******** 
 
LA716     LFQLPSLMSLSVQAN KCTGELPNE 
Tristar   LFQLPSLMSLSVQAN KFTGELPNE 
M82       LFQLPSLMSLSVQAN KFTGELPNE 
          *************** * ******* 
 
LA716     LNRSTSVPFIDISYN NLHGEIPY 
Tristar   LNRSTSVPFIDISYN NLHGEIPY 
M82       LNRSSSVPFIDISYN NLHGEIPY 
          ****:********** ******** 
 
LA716     WMLSMVMNSLDLSHN FLTGFEKQ 
Tristar   WMLSMVMNSLDLSHN FLTGFEKQ 
M82       WMLFMSIDSLDLSHN FLTGFEKQ 
          *** * ::******* ******** 
 
LA716     VWHSEYLSYLNLENN FLQGPLHQS 
Tristar   VWHSEYLSYLNLENN FLQGPLHQS 
M82       VWHSEYLSYLNLENN LLQGPLHQS 
          *************** :********  
 
LA716     ICDLINLEFLILAQN NFNGSIPDCL 
Tristar   ICDLINLEFLILAQN NFNGSIPDCL 
M82       ICDLINLAFLILAQN NFNGSIPDCL 
          ******* ******* ********** 
 
LA716     GNSNRLISILDLRMN NFHGEIPT 
Tristar   GNSNRLISILDLRMN NFHGEIPT 
M82       GNSNRLISILDLRMN NFHGEIPT 
          *************** ******** 
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LA716      FLPRGLEYLGLYGN QLRGQVPRS 
Tristar    FLPRGLEYLGLYGN QLRGQVPRS 
M82        FLSTGLQYLGLYGN QLRGQVPRS 
           **. **:******* ********* 
 
LA716     LVNRTSLVALDLGNN KLNDTFPIW 
Tristar   LVNRTSLVALDLGNN KLNDTFPIW 
M82       LVNCTSLVALDLGNN KFNDTFPIW 
          *** *********** *:******* 
 
LA716     LEKLPNLQVLILKSN LFHGPIGD 
Tristar   LEKLPNLQVLILKSN LFHGPIGD 
M82       LEKLPNLQVLILKSN LFHGPIGD 
          *************** ******** 
 
LA716     LESEFPFPELRIFDL SFNGFTGT 
Tristar   LESEFPFPELRIFDL SFNGFTGT 
M82       LESEFPFPELRIFDL SFNGFTGT 
          *************** ******** 
 
LA716     LSSNLFKSFRGMMDADEGKSGISRARNRTRRDYLYHVSLVIKGNEFD 
Tristar   LSSNLFKSFRGMMDADEGKSGISRARNRTRRDYLYHVSLVIKGNEFD 
M82       LSSNLFKSFRGMMDVDEGKAGISRSWNGTRRDYFYHVSLVIKGNEFD 
          **************.****:****: * *****:************* 
 
LA716     MRITSIMTSVDLSSN RFEGDIPNS 
Tristar   MRITSIMTSVDLSSN RFEGDIPNS 
M82       MRITSIMTSVDLSSN RFEGDIPIS 
          *************** ******* * 
 
LA716     IGNLSSLVLLNLSHN SFRGHIPAE 
Tristar   IGNLSSLVLLNLSHN SFRGHIPAE 
M82       VGNLRSLVLLNLSHN SFRGHIPAE 
          :*** ********** ********* 
 
LA716     FTKLQQLEALDLSWN RLIGEIPGQ 
Tristar   FTKLQQLEALDLSWN RLIGEIPGQ 
M82       FTKLQQLEALDLSWN RLIGEIPGQ 
          *************** ********* 
 
LA716     LSSLTFLEVLNLSYN HLAGRIPIG 
Tristar   LSSLTFLEVLNLSYN HLAGRIPIG 
M82       LSSLTFLEVLNLSYN HLAGRIPIG 
          *************** ********* 
 
LA716     KQFNTFPNDSYCGNPDLCGFPLSK 
Tristar   KQFNTFPNDSYCGNPDLCGFPLSM 
M82       KQFNTFPNDSYCGNPDLCGFPLSK 
          ***********************  
 
LA716     ECGNKNESPLEHD-- DDDDDSYFMSGFTWE 
Tristar   ECGNnNESPLERDDSDDDDDDSFFMSGFTWE 
M82       ECGNRNEH----DDN DDDDDSYFMSGFTWE 
          ****:**.    *   *************** 
 
LA716     AVAIGYGCGMIVGLLIGGLMFLL 
Tristar   AVAIGYGCGMIFGLLIGALMFLL 
M82       AVAIGYGCGMIFGLLIGGLMFLL 
          ***********.*****.***** 
 
LA716     EKPKWYVNFAEDIAQQIAAKKRTRQKKRRQRHGVR-- 
Tristar   EKPKWYVKFAEDIAQQIAAKKRTRQKKIRQRRGVRMN 
M82       QKPKWYVKFAEDIAQQIAAKKRKRQKKRRQKRGLSMN 
          :******:**************.**** **::*: 
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Appendix 7. Alignment of I-7 and orthologous and paralogous 
nucleotide sequences from Tristar, Heinz1706 and LA716 
 
Sequences were aligned using the EMBL-EBI MAFFT server at 
http://www.ebi.ac.uk/Tools/msa/mafft/ with some manual realignments of indels. The 
alignment was shaded using the ExPasy BoxShade server at 
http://www.ch.embnet.org/software/BOX_form.html. Nucleotide identities are highlighted in 
black. Orthologous and paralogous genes on chromosome 8 are labelled o8 and p8, 
respectively, and paralogous genes on chromosome 6 are labelled p6. N.B. The first 52 
bases of the Tristar_chr8_para sequence are inferred from the LA716_chr8_para 
sequence. 
 
 
 
 
I-7         1 ATGGAGTACCAACAATTGCTAATAGCTTTCTGCTTCTATTC---------ACTTTTTGTCCAACAATCTCAGTTTGCATA 
LA716_o8    1 ATGGAGTACCAACAATTGCTAATAGCTTTCTGCTTCTATTC---------ACTTTTTGTCCAACAATCTCAGTTTGCATA 
Heinz_o8    1 ATGGAGTACCAACAGTTGCTAATAGCTTTCTGCTTCTATTC---------ACTTTTTGTCCATCAATCTCAGCTTACATA 
Trist_p8    1 ATGCAATACCAAAAATTGATAACTGCTTTCTGTTTCCACTCTCTTTTTATACTTTTCGTCCAACAATGTCAGCTTACATA 
LA716_p8    1 ATGCAATACCAAAAATTGATAACTGCTTTCTGTTTCCACTCTCTTTTTATACTTTTCGTCCAACAATGTCAGCTTACATA 
LA716_p6    1 ATGGAGTACCAAAAATTGATAATGGCTTTCTGTTTCCACTCTCTTCTTATACTTTTTGTCCATCAATCTCAGCTTACATA 
Heinz_p6    1 ATGGAGTACCAAAAATTGATAGTGGCTTTCTGTTTCCACTCTCTTCTTATACTTTTTGTCCATCAATCTCAGCTTACATA 
 
 
I-7        72 TGCTGGGAAACATCTCTGTCCTCGCGATCAAGCTTTTTATTTGCTTCAATTTAAGCAAGGACTCACCGTTGATCCAAATG 
LA716_o8   72 TGCTGGGAAACATCTCTGTCCTCGCGATCAAGCTTTTTATTTGCTTCAATTTAAGCAAGGACTCACCGTTGATCCAAATG 
Heinz_o8   72 TGCTAGGAAACATCTCTGTACTCGCGATGAAGCTTTTTATTTGCTTCAACTTAAGCAAGGCCTCACTGTTGATAAAAATG 
Trist_p8   81 TGCTGGGAAACATCTCTGTGCCCGCGATGAAGCTTTTTATTTGCTTCAACTTAAGCAAGGCCTCACCGTTGAGCCATATG 
LA716_p8   81 TGCTGGGAAACATCTCTGTGCCCGCGATGAAGCTTTTTATTTGCTTCAACTTAAGCAAGGCCTCACCGTTGAGCCATATG 
LA716_p6   81 TGCTGGGAAACATCTCTGTGCGCGCGATGAAGCTTTTTATTTGCTTCAACTTAAGCAAGGGCTCACCGTGGATCCAAATG 
Heinz_p6   81 TGCTGGGAAACATCTCTGTGCGCGTGATGAAGCTTTTTATTTGCTTCAACTTAAGCAAGGCCTCACCGTTGATCCACATG 
 
 
I-7       152 CTTACGAC------TGTGAAAACAAGGCCCGAAGCAAGACTTTGTCCTGGAATGTTACAGGAGATTGTTGTGAATGGGAT 
LA716_o8  152 CTTATGAC------TGTGAAAACAAGGCCCGAAGCAAGACTTTGTCCTGGAATGTTACAGGAGATTGTTGTGAATGGGAT 
Heinz_o8  152 CTTATTACTATGGCTGTGACAGTGAGGCCGAAGCCAAGACTTTGTCTTGGAATGCTACAAGAGATTGTTGTGAATGGGGT 
Trist_p8  161 CTTATCGCTATGTTTGTGACAGTGAGGCCGAAGCCAAGACTTTGTCCTGGAATGCTACAAGAGATTGTTGTGAATGGGGT 
LA716_p8  161 CTTATCGCTATGATTGTGACAGTGAGGCCGTAGCCAAGACTTTGTCCTGGAATGCTACAAGAGATTGTTGTGAATGGGGT 
LA716_p6  161 CTTATTTCTATGGTTGTGACAGTGAGGCCGAAGCCAAGACTTTGTCCTGGAATGCTACAAGAGATTGTTGTGAATGGGGT 
Heinz_p6  161 CTTATTTCTATGGTTGTGACAGTGAGGCCGAAGCCAAGACTTTGTCCTGGAATGCTACAAGAGATTGTTGTGAATGGGGT 
 
 
I-7       226 GGTGTCACTTGCAATGGATTGACGGGTCATGTCATAGGCCTCGATCTTTCTTGCAGCTTTCTTATTGGAACCATCAATGC 
LA716_o8  226 GGTGTCACTTGCAATGGATTGACGGGTCATGTCATAGGCCTCGACCTTTCTTGCAGCTTTCTTATTGGAACCATCAATGC 
Heinz_o8  232 GGTGTTACTTGCAATGGATTGACGGGTCATGTCATAGGCCTCGACCTTTCTTGCAGCTTTCTTATTGGAACCATCAATGC 
Trist_p8  241 GGTGTTACTTGCAATGGATTTACAGGTCATGTCATAGGCCTCGATCTTTCTTGCAGCTTTGTTAGCGGAACCATCAATGC 
LA716_p8  241 GGTGTTACTTGCAATGGATTTACAGGTCATGTCATAGGCCTCGATCTTTCTTGCAGCTTTGTTAGCGGAACCATCAATGC 
LA716_p6  241 GGTGTTACTTGCAATGTATTTACAGGTCATGTCATAGGCCTCGATCTTTCTTCGAGCTGTCTTAGGGGAACCATCGATGC 
Heinz_p6  241 GGTGTTACTTGCAATGTATTTACAGGTCATGTCATAGGCCTCGATCTTTCTTCGAGCTGTCTTAGGGGAACCATCGATGC 
 
 
I-7       306 TAACAGTAGCCTCACAAAACTTAGTCATCTCCAAAGACTCAACCTTGCCTCCAATGAGTTCAATGACTTTCCACTTGGAA 
LA716_o8  306 TAACAATAGCCTCACAAAACTTGGTCATCTCCAAAGACTCAACCTTGCCTCCAATGAGTTCAATGACTTTCCACTTGGAA 
Heinz_o8  312 TAACAATAGCCTCACAAAACTTGGTCATCTCCAAAGACTCAACCTTGCCCTCAATGTGTTCAATGACTTCCCACTTGGAA 
Trist_p8  321 TAACAGCACCCTCAAAAAACTTGGTCATCTCCAAAGACTCAACCTTGCCTTCAATGAGTTGAGTGGGTTTCCACTTGGAA 
LA716_p8  321 TAACAGCACCCTCAAAAAACTTGGTCATCTCCAAAGACTCAACCTTGCCTTCAATGAGTTGAGTGGGTTTCCACTTGGAA 
LA716_p6  321 TAACAGCACCCTCAAAAAACTTGGTCATCTTCAAAGACTCAACCTTGCCTACAACAAGTTGAGTGACTTTCCACTTGGAA 
Heinz_p6  321 TAACAGCACCCTCAAAAAACTTGGTCATCTTCAAAGACTCAACCTTGCATACAACGAGTTGAGTGACTTTCCACTTGGAA 
 
 
I-7       386 ATAGTACTAGTGAACTCAGTAGCTTGACGCATCTCAATCTTTCGGATTCTGGAATATTTAACGAAAGGAAGATGATTCCA 
LA716_o8  386 ATAGTATTAGTGAACTCAGTAGCTTGACGCATCTCAATCTTTCGGATTCTGGAATATTTAACGAAAGGAAGATGATTCCA 
Heinz_o8  392 ATAGTATTAGTGAACTCAGTAGCTTGACGCATCTCAATCTTTCGGATTCTGGAATATTTAACGAAAGGAAGATGATTCCA 
Trist_p8  401 ATAGCATTAGTCAACTCACTAGTTTGACGCATCTCAATCTTTCGCATTATGGAAATATGATAAGGGAGATGCAGATCCCA 
LA716_p8  401 ATAGCATTAGTCAACTCACTAGTTTGACGCATCTCAATCTTTCGCATTATGGAAATATGATAAGGGAGATGCAGATCCCA 
LA716_p6  401 ATAGCATTAGTCAACTCAGTAGTTTGACGCATCTCAATCTTTCGCTTTCTGGAAATAT---------GATGCAGATCCCA 
Heinz_p6  401 ATAGCATTAGTCAACTCAGTAGTTTGACGCATCTCAATCTTTCGCATTCTGGAAATAT---------GATGCAGATCCCA 
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I-7       466 CCAGGGTTATGCAAGTTGTCTAAGTTGATTTCACTTGATCTCTCCGGAAGT---TACATCCAAGTTGGCCGAACAACCTT 
LA716_o8  466 CCAGGGTTATGCAAGTTGTCTAAGTTGATTTCACTTGATCTCTCCGGAAGT---TACATACAAGTTGGCCGAACAACCTT 
Heinz_o8  472 CCAGGGTTATGCAAGCTGTCTAAGTTGATTTCACTTGATCTCTCCGGAAGT---TACATACAAGTTGGCCGAACAACCTT 
Trist_p8  481 GCAGGATTAACAAACTTGTCTAAATTGGTTTCACTTGACCTCTCCTGGCAT------TTCGCTGTTGGTTTAACAACGTT 
LA716_p8  481 GCAGGATTAACAAACTTGTCTAAATTGGTTTCACTTGACCTCTCCTGGCAT------TTCACTGTTGGTTTAACAACGTT 
LA716_p6  472 GCAGGATTAACAAACTTGTCTAAATTGGTTTCACTTGACCTCTCCTGGCACACTGAATTCCAACTTGGTTTAACAACGTT 
Heinz_p6  472 GCAGGATTAACAAACTTGTCTAAATTGGTTTCACTTGACCTCTCCTGGCACACTAAATTACAATTTGGTTTAACAACGTT 
 
 
I-7       543 CACAAGTTTGCTGCACAACTTAACCAACTTAGAGGTACTGTTGTTTGACTATGTGTATGCAT---------CATTTGAGT 
LA716_o8  543 CACAAGTTTGCTGCAAAACTTAACCAACTTAGAGGTACTGTTGTTTGACTATGTGTATGCAT---------CATTTGAGT 
Heinz_o8  549 CACAAGTTTGCTGCACAACTTAACCAACTTAGAGGTACTGTTGTTTGACTATGTGTATGCAT---------CATTTGAGT 
Trist_p8  555 CAGAAGTTTGCTTCATGACTTAACCAATTTGGAGGTATTGTTGCTTGACAACGTGGACGTTTTTGAGAACATAAGTGAGT 
LA716_p8  555 CAGAAGTTTGCTTCAAGACTTAACCAATTTGGAGGTATTGTTGCTTGACAACGTGGACGTTTTTGAGAACATAAATGAGT 
LA716_p6  552 CAGAAGTTTGCTTCAAGACTTAACCAATTTGGAGGTACTGTTGCTGGACAACGTGGACGTTTTTGGGAACATAAGTGAGT 
Heinz_p6  552 CAGAAGTTTGCTTCAAGACTTAACCAATTTGGAGGTACTGTTGCTTGACAACGTGGACGTTTTTGGGAACATAAGTGAGT 
 
 
I-7       614 TACCTAAGAAGTTCCCTTCTTCCCTTAGGAAGTTAAGTCTTCAAGGAACCAACGTGTTTGGAAACATAACTGATTCTCAG 
LA716_o8  614 TACCTAAGAAGTTCCCTTCTTCCCTTAGGAAGTTAAGTCTTCAAGGCACCAACGTGTTTGGGAACATAACTGATTCTCAG 
Heinz_o8  620 TACCTAAGAAGTTCCCTTCTTCCCTTAGGAAGTTGAGTCTTCAAGGCACCAACATGTTTGGGAACATAACTGATTCTCAG 
Trist_p8  635 TACCTAAGAACCTTTCTTCCTCCCTTAGGTACTTAAGTCTTCAAGGAACTGGCATGTTAGGGAACATAACTGAGTCTCAG 
LA716_p8  635 TACCTAAGAACCTTTCTTCCTCCCTTAGGTACTTAAGTCTTCAAGGAACTGGCATGTTTGGGAACATAACTGAGTCTCAG 
LA716_p6  632 TACCTAAGTACCTTTCTTCTTCACTTAGGTACTTAAGTCTTGGACACACCAACATGTTTGGGAACATAAGTGAGTCTCAG 
Heinz_p6  632 TACCTAAGAACCTTTCTTCTTCCCTTAGGTACTTAAGTCTTGGAGACACCAACATGTTTGGGAACATAGGTGAGTCTGAG 
 
 
I-7       694 CTTTTTCATCTACCAAACTTGCAAGTGCTGAGATTGGGAGATAATCCGTCGTTAACAGGCACTCTGCCAAATTTCCACTG 
LA716_o8  694 CTTTTTCATCTACCAAACTTGCAAGTGCTGAGATTGGGAGATAATCCGTCGTTAACAGGCACTCTGCCAAATTTCCACTG 
Heinz_o8  700 CTTTTTCATCTACCAAACTTGCAAGTGCTGAGATTGGGAGATAATCCGTCGTTAACAGGCACTTTGCCAAATTTCCACTG 
Trist_p8  715 ATTTTTCATCTACCAAACTTGCAAGTGCTGAGGTTGGGAGATAATCCGTCGTTAACAGGCACTTTGCCAAATTTCTATTG 
LA716_p8  715 ATTTTTCATCTACCAAACTTGCAAGTGCTGAGGTTGGGAGATAATCCGTCGTTAACAGGCACTTTGCCAAATTTCTATTG 
LA716_p6  712 ATTTTTCATCTACCAAACTTGCAAGTGCTGAGATTGGGAAATAATCCTTTATTAACAGGCACTTTGCCGAATTACCGTTG 
Heinz_p6  712 ATTTTTCATCTACCAAACTTGCAAGTGCTGAGATTGGGAAATAATCCTTTATTAACAGGCACTTTGCCGAATTACCGTTG 
 
 
I-7       774 GAATTTCAGTAAAAGTGTTTTAGAGTTGGACTTCTCTTATACCGGTATTTTTGGCAAGGTACCTGATTCTATTGGTATTC 
LA716_o8  774 GAATTTCAGTAAAAGTGTTTTAGAGTTGGACTTCTCTTATACCGGTATTTTTGGCAAGGTACCTGATTCTATTGGTATTC 
Heinz_o8  780 GAATTTCAGTAAAAGTGTTTTAGAGTTGGACTTCTCTTATACTGGTATTTTTGGCAAGGTACCTGATTCTATTGGTATTC 
Trist_p8  795 GAATTTCAGTAAAAGTGTTTTAGAGTTGGACTTCTCTTATACTGGTATTTTTGGGAAGCTACCTGATTCTATTGGTAATC 
LA716_p8  795 GAATTTCAGTAAAAGTGTTTTAGAGTTGGACTTCTCTTATACTGGTATTTTTGGGAAGCTACCTGATTCTATTGGTAATC 
LA716_p6  792 GAATTTCAGTGGAAGTGTTTTAGAGTTGGACTTCTCTAATACTGGTATTTTTGGGAAGCTACCTGGTTCAATTGCTAATC 
Heinz_p6  792 GAATTTCAGTGAAAGTGTTTTAGAGTTGGACTTCTCTAATACTGGTATTTTTGGGAAGCTACCTGGTTCAATTGCTAATC 
 
 
I-7       854 TCCAGTCTCTTTGGCGTTTGAACCTCTTTAATTGCCATTTATCTGGCTCGATTCCAGAATCCTTTGGCAACCTCACTACA 
LA716_o8  854 TCCAGTCTCTTTGGCGTTTGAACCTCTTTAATTGCCATTTATCTGGCTCGATTCCAGAATCCTTTGGCAACCTCACTACA 
Heinz_o8  860 TCCATTCTCTTTGGCGTTTGAACCTCTTTAATTGCCATTTATCTGGCTCGATTCCAGAATCCTTTGGCAACCTCACTACA 
Trist_p8  875 TCCATTCTCTTTGCTATTTGAACCTCTTGTATTGCCATTTATCTGGCTCGATTCCAGAATCCCTTGGCAACCTCACTGCA 
LA716_p8  875 TCCATTCTCTTTGCTATTTGAACCTCTTGTATTGCCATTTATCTGGCTCGATTCCAGAATCCCTTGGCAACCTCACTGCG 
LA716_p6  872 TCCATTCTCTTTGGCGTTTGAACCTCCGTAATTGCAGTTTATCCGGCTTGATTCCAGTATCCCTTGGAAACCTCACTTCA 
Heinz_p6  872 TCCATTATCTTTGGCGTTTGAACCTCCGTAATTGCCATTTATCCGGCTCGATTCCAGTATCCCTTGGCAACCTCACTACA 
 
 
I-7       934 ATCAGAGAGTTGATACTTTCAGGTAACAACTTCACTGGTAATATTCTCTCAACTATCTCAAAATTAAACAAACTCGTTAA 
LA716_o8  934 ATCAGAGAGTTGATACTTTCAGGTAACAACTTCACTGGTAATATTCTCTCAACTATCTCAAAATTAAACAAACTCGTTAA 
Heinz_o8  940 ATCAGAGAGTTGATACTTTCAGGTAACAACTTCACTGGTAATATTCTCTCAACTATCTCAAAATTAAACAAACTCGTTAA 
Trist_p8  955 ATCAGAGAGTTGACACTTTCAGGTAACAGCTTTACTGGTATTGTTCTCTCAACTATCTCAAAATTAAACAAACTCGTTCG 
LA716_p8  955 ATCAGAGAGTTGACACTTTCAGGTAACAGCTTTACTGGTATTGTTCTCTCAACTATCTCAAAATTAAACAAACTCGTTCG 
LA716_p6  952 ATCAGAGAGTTGATACTTACACGTAACAACTTTACTGGTAATGTTCCCTCAACTATCTCAAAATTAAACAAACTCGTATA 
Heinz_p6  952 ATCAGAGAGTTGATACTTACACGTAACAACTTTACTGGTAATGTTCCCTCAACTATCTCACAATTAAACAAACTCGTATA 
 
 
I-7      1014 TTTACATCTCTCTTCCAACCATTTTCGAGGCTCCATTCCAGAATCCATTGGCAACCTCACTGCAATTAGAGAGTTGATAC 
LA716_o8 1014 TTTACATCTCTCTTCCAACCATTTTCGAGGCTCCATTCCAGAATCCATTGGCAACCTCACTGCAATTAGAGAGTTGATAC 
Heinz_o8 1020 TTTACATCTCTCTTCCAACCATTTTCGAGGCTCCATTCCAGAATCCATTGGCAACCTCACTGCAATTAGAGAGTTGATAC 
Trist_p8 1035 TTTAGATATCTCTTCCAACCATTTTCGAGGCTCAATTCCAGAATCCATTGGCAACCTCACTGCAATCACAGAGCTGGAAC 
LA716_p8 1035 TTTAGATATCTCTTCCAACCATTTTCAAGGCTCAATTCCAGAATCCATTGGCAACCTCACTGCAATCACAGAGCTGGAAC 
LA716_p6 1032 CTTAGATCTCTCTTCCAACCATTTTCGAGGATCGATTCCAGAATCTATTGGCAACCTCACTGCAATCACAGTGCTGGCAC 
Heinz_p6 1032 CTTAGATCTCTCTTCCAACCATTTTCGAGGATCGATTCCAGAATCTATTGGCAACCTCACTGCAATCACAGTGCTGGATC 
 
 
I-7      1094 TTTCAGATAACAGTTTCGCTGGATATGTTCCCTCAAGTATCGGAAAGCTGAATAAACTTGACTCCTTATCTCTCTCTTCC 
LA716_o8 1094 TTTCAGATAACAGCTTCACTGGAAATGTTCCCTCAAGTATCGGAAAGCTGAATAAACTTGACTCCTTATCTCTCTCTTCC 
Heinz_o8 1100 TTTCAGATAACAGCTTCACTGGAAATGTTCCCTCAAGTATCGGAAAGCTGAATAAACTTGACTCCTTATCTCTCTCTTCC 
Trist_p8 1115 TTTCAGATAACAGCTTCACTGGAAATGTTCCCTCAAGTATCGGAAAGCAGAATAAACTTGACTCCTTATATCTCTCTTCC 
LA716_p8 1115 TTTCAGATAACAGCTTCACTGGAAATGTTCCCTCAAGTATCGGAAAGCAGAATAAACTTGACTCCTTATATCTCTCTTCC 
LA716_p6 1112 TTTCATATAACAGCTTCACAGGAAATGTTCCCTCAACTATCCAAAAGATGAACAAACTTAGCTACTTATCTCTCTCTTCC 
Heinz_p6 1112 TTTCATATAACAGCTTCACAGGAAATGTTCCCTCAACTATCCAAAAGATGAACAAACTTAGCGACTTATCTCTCTCTTCC 
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I-7      1174 AATAATTTTGAAGGCTCGATTCCAGACATCTTTGCCAACTTTTCAGAGCTGTATAGTTTAGATTTTCACAGTAACAATTT 
LA716_o8 1174 AATAATTTTGAAGGCTCGATTCCAGACACCTTTGCCAACTTTTCAGAGCTGTATAGTTTAGATTTTCACAGTAACAATTT 
Heinz_o8 1180 AATAATTTTGAAGGCTCGATTCCAGACATCTTTGTCAACTTTTCAGAGCTGAATAGTTTAGATTTTCACAGTAACAATTT 
Trist_p8 1195 AATAATTTTGAAGGCTCGATTCCAGACATCTTTGCCAACTTCTCAGAGCTACATACTTTATATTTAGACAATAACAAGTT 
LA716_p8 1195 AATAATTTTGAAGGCTCGATTCCAGACATCTTTGCCAACTTTTCGGAGCTACATACTTTATATTTAGACAATAACAAGTT 
LA716_p6 1192 AATAATTTTGGAGGCTCGATTCCAGACATCTTTGCCAACTTTTCAGAGCTATCATTTTTAGGTTTTGACACTAACAATTT 
Heinz_p6 1192 AATAATTTTGGAGGTTCGATTCCAGACATCTTTGCCAACATTTCAGAGCTATCATTTTTAGGTTTTCACACTAACAATTT 
 
 
I-7      1254 CGTTGGCCCATTCCCTTATTCAATTGCAACCTTGACACACCTTGATGGTTTAGAGCTGCAAAACAATTCACTAACTGGTC 
LA716_o8 1254 CGTTGGCCCATTCCCTTATTCAATTGCAACCTTGACACACCTTGATGGTTTAGAGCTGCAAAACAATTCACTAACTGGTC 
Heinz_o8 1260 CGTTGGCCCATTCCCTTATTCCATTGCAACCTTGACACACCTTGATGGTTTAGAGTTGCAAAACAATTCACTAACTGGTC 
Trist_p8 1275 CACCGGCCCCCTCCCCTATTCCATTGCAACCTTGACACGCCTTGAATTATTATACTTGCAAAACAATTCACTAACTGGTT 
LA716_p8 1275 CACCGGCCCCCTCCCCTATTCCATTGCAACCTTGACACGCCTTGAATTATTATACTTGCAAAACAATTCACTAACTGGTT 
LA716_p6 1272 CACTGGCCCCCTCCCATATTCCATTGCAACCTTGACACGCCTTGAAGCATTATTCTTGCAAAACAATTCGCTAACTAGAC 
Heinz_p6 1272 CACTGGCCCCCTCCCATATTCCATTACAACCTTGACACGCCTTGCAACATTATACTTGCAAAACAATTCGCTAACTAGAC 
 
 
I-7      1334 CACTTCCCTCTAATATAAGCGGATTTCAAAACCTGTTTAATCTTGATCTGTCCTTCAATCATTTGACTGGCGCAACACCC 
LA716_o8 1334 CACTTCCCTCTAATATAAGCGGATTTCAAAACCTGTTTAATCTTGATCTGTCCTTCAATCATTTGACTGGCGCAACACCC 
Heinz_o8 1340 CACTTCCCTCTAATATAAGCGGATTTCAAAACCTGTTTAATCTTGATCTGTCCTTCAATTATTTAACTGGCGCAACACCC 
Trist_p8 1355 CACTTCCCTCTAATATAAGTGGACTTCAAGATCTACGAAACCTTGATTTGTCCTTCAATTACATCACTGGCGTAACACCC 
LA716_p8 1355 CACTTCCCTCTAATATAAGTGGACTTCAAGATCTACGAAACCTTGATTTGTCCTTCAATTACATCACTGGCGTAACACCC 
LA716_p6 1352 CACTTCCCTCTAATATAAGCGGATTTCAGGAGCTAACAATGCTCGATTTGTCATTTAATTGTTTCACTGGCGCAACACCC 
Heinz_p6 1352 CACTTCCCTCTAATATAAGCGGATTTCAGGAGCTGACAGTGCTCGATTTGTCATTTAATTGTTTCACTGGCGCAGCACCC 
 
 
I-7      1414 CCTTGGTTATTCCAATTACCATCCTTGATGTCTTTAAGTGTTCAAGCAAATAAATTTACTGGGGAATTGCCAAATGAGCT 
LA716_o8 1414 CCTTGGTTATTCCAATTACCATCCTTGATGTCTTTAAGTGTTCAAGCAAATAAATGTACTGGGGAATTGCCAAATGAGCT 
Heinz_o8 1420 CCTTGGTTATTCCAATTACCATCCTTGATGTCTTTAAGTGTTCAAGCAAATAAATTTACTGGGGAATTGCCAAATGAGCT 
Trist_p8 1435 CCTTGGTTATTCTATCTTCCATCCTTGAGTTTTTTATCTGTTCAACACAATCAATTAACCGGGAAATTGCCAAATGAGCT 
LA716_p8 1435 CCTTGGTTATTCCATCTTCCATCCTTGAGTTTTTTATCTGTTCAACACAATCAATTAACCGGGAAATTGCCAAATGAGCT 
LA716_p6 1432 TCTTGGTTATTCCATCTTCCATCGTTAGATTATTTATATGTTCAACACAATCAATTAACCGGGAAATTGCCAAATGAGCT 
Heinz_p6 1432 TCTTGGTTATTCCATCTTCCATCCTTATATAATTTATATGTTCAACACAATCAATTAACCGGGAAATTGCCAAATGAGCT 
 
 
I-7      1494 CAACAGGAGTACCTCGGTA---CCATTTATTGATATTTCGTACAACAATCTGCATGGAGAAATACCTTATTGGATGTTGT 
LA716_o8 1494 CAACAGGAGTACCTCGGTA---CCATTTATTGATATTTCGTACAACAATCTGCATGGAGAAATACCTTATTGGATGTTGT 
Heinz_o8 1500 CAACAGGAGTTCCTCGGTA---CCATTTATTGATATTTCGTACAACAATCTGCATGGAGAAATACCTTATTGGATGTTAT 
Trist_p8 1515 CAAGACCAATTATGTAGAATACTTATATATTGATCTATCATACAACAAGCTGCAAGGTGAAATTCCCGATTGGATGTTTT 
LA716_p8 1515 CAAGACCAATTATGTAGAATACTTATATATTGATCTATCATACAACAAGCTGCAAGGTGAAATTCCGTATTGGATGTTTT 
LA716_p6 1512 CAAGAGCAATTATGTAGAATACTCAGATATTAATCTTTCATACAACAAGCTGCAAGGTGAAATTCCCGATTGGATGTTTT 
Heinz_p6 1512 CAAGAGCAATTATGTAGAATACTCAGATATTAATCTTTCATACAACAACCTGCAAGGTGAAATTCCTGATTGGATGTTTT 
 
 
I-7      1571 CTATGGTGATGAATAGTCTGGATCTCTCTCATAACTTCCTCACAGGCTTTGAAAAACAAGTATGGCACTCAGAGTACTTG 
LA716_o8 1571 CTATGGTGATGAATAGTCTGGATCTCTCTCATAACTTCCTCACAGGCTTTGAAAAACAAGTGTGGCACTCAGAGTACTTG 
Heinz_o8 1577 TCATGAGCATAGATAGCCTGGATCTCTCTCATAACTTCCTCACAGGCTTTGAAAAACAAGTATGGCACTCAGAGTACTTG 
Trist_p8 1595 CTACAAGCATGGATAGCCTGGATCTCTCTCATAACTTCCTCACAGGCTTTGAAAAACAAGTATGGCACTCAGGCTCCTTA 
LA716_p8 1595 CTACAAGCATGGATAGCCTGGATCTCTCTCATAACTTCCTCACAGGCTTTGAAAAACAAGTATGGCACTCAGGCTCCTTA 
LA716_p6 1592 CTACAAGCTTGGGTAGACTGGATCTCTCTCATAACTTCCTCACAGGCTTTGTAAGACAAGTATGGCCCTCAGGAAACATA 
Heinz_p6 1592 CTCCAAGATTGGGTAGACTGGATCTCTCTCATAACTTCCTCACAGGCTTTGTAATACAAGTATGGCCCTCAGGAAGCTTA 
 
 
I-7      1651 TCCTACCTTAATTTGGAGAACAATTTTCTTCAAGGGCCTCTGCATCAATCCATTTGTGACTTGATTAACCTTGAATTCCT 
LA716_o8 1651 TCCTACCTTAATTTGGAGAACAATTTTCTTCAAGGGCCTCTGCATCAATCCATTTGTGACTTGATTAACCTTGAATTCCT 
Heinz_o8 1657 TCCTACCTTAATTTGGAGAACAATCTTCTTCAAGGGCCTCTGCATCAATCCATTTGTGACTTGATTAACCTTGCATTCCT 
Trist_p8 1675 CGATACCTTAATTTGGAGAACAATTTTCTTCAAGGGACTTTAAATCAATCCATTTGTGACATGATTAGCCTTGAATTCCT 
LA716_p8 1675 CGATACCTTAATTTGGAGAACAATTTTCTTCAAGGGACTTTAAATCAATCCATTTGTGACATGATTAGCCTTGAATTCCT 
LA716_p6 1672 CGATACCTTAATCTGGAAAACAATTTTCTTCAAGGGTCTTTGTATCAGTCCTTTTGTGACATGGTTATCCTTGAAATCCT 
Heinz_p6 1672 CGATACCTTAATCTGGAAAACAATTTTCTTCAAGGGTCTTTGTATCAGTCCTTTTGTGACATGGTTATGCTTGAAATCCT 
 
 
I-7      1731 CATTTTGGCTCAGAACAATTTCAATGGTTCAATTCCAGACTGTTTGGGTAACTCCAATAGGCTCATTTCTATTTTAGACT 
LA716_o8 1731 CATTTTGGCTCAGAACAATTTCAATGGTTCAATTCCAGACTGTTTGGGTAACTCCAATAGGCTCATTTCTATTTTAGACT 
Heinz_o8 1737 CATTTTGGCTCAGAACAATTTCAATGGTTCAATTCCAGACTGTTTGGGTAACTCCAATAGGCTCATTTCTATTTTAGACT 
Trist_p8 1755 CATTTTGGCTCACAACAATTTCAGTGGTTCAATCCCAGACTGTTTGGGTAACTCCAGTAGCGTCATTTCTATTTTAGACT 
LA716_p8 1755 CATTTTGGCTCACAACAATTTCAGTGGTTCAATCCCAGACTGTTTGGGTAACTCCAGTAGCGTCATTTCTATTTTAGACT 
LA716_p6 1752 CATTTTGGCTCAGAACAATTTCAGTGGTTCAATCCCAGATTGTTTGGGTAACTCCAAAAGTCTCATTTATATTTTAGACT 
Heinz_p6 1752 CATTTTGGCTCAGAACAATTTCAGTGGTTCAATCCCAGATTGTTTGGGTAACTCCAAAAGTCTCATTTATATTTTAGACT 
 
 
I-7      1811 TGCGAATGAATAATTTTCATGGAGAGATACCAACATTCTTACCTAGAGGGTTAGAGTATCTTGGTTTATATGGCAATCAA 
LA716_o8 1811 TGCGAATGAATAATTTTCATGGAGAGATACCAACATTCTTACCTAGAGGGTTAGAGTATCTTGGTTTATATGGCAATCAA 
Heinz_o8 1817 TGCGAATGAATAATTTTCATGGAGAGATACCAACATTCTTATCTACAGGGTTACAGTATCTTGGTTTATATGGCAATCAA 
Trist_p8 1835 TGCGGATGAACAATTTTCATGGAGAGATACCAAGATTCTTACCTACAGGGTTAGAGTATCTTGGTTTATATGGCAATCAA 
LA716_p8 1835 TGCGGATGAACAATTTTCATGGAGAGATACCAAGATTCTTACCTACAGGGTTAGAGTATCTTGGTTTATATGGCAATCAA 
LA716_p6 1832 TGCGAATGAATAAATTTCATGGAGAGATACCAAGATTCTTACCTACACGGTTAGAGTATCTTGGTTTATATGGCAATCAA 
Heinz_p6 1832 TGCGAATGAACAAATTTCATGGAGAGATACCAAGATTCTTACCTACACGGTTAGAGTATCTTGGTTTATATGGCAATCAA 
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I-7      1891 TTGAGGGGACAAGTCCCGCGATCCTTGGTTAACCGTACAAGCTTGGTAGCTCTTGATTTGGGGAACAACAAGCTCAATGA 
LA716_o8 1891 TTGAGGGGACAAGTCCCGCGATCCTTGGTTAACCGTACAAGCTTGGTAGCTCTTGATTTGGGGAACAACAAGCTCAATGA 
Heinz_o8 1897 TTGAGGGGACAAGTCCCGCGATCCTTGGTTAACTGTACGAGCTTGGTAGCTCTTGATTTGGGGAACAACAAGTTCAATGA 
Trist_p8 1915 TTGAGGGGACAAGTCTCGCGATCCTTGGTTAACTGTACAAGCTTGGTAGCTCTTGATTTGGGGAACAACAAGTTGAATGA 
LA716_p8 1915 TTGAGGGGACAAGTCTCGCGATCCTTGGTTAACTGTACAAGCTTGGTAGCTCTTGATTTGGGGAACAACAAGTTGAATGA 
LA716_p6 1912 TTGACGGGACAAGTCCCCCGATCCTTGGTTAACTATACAAGCTTGGAAGCTATTGATTTGGGGAACAACAAGTTAAATGA 
Heinz_p6 1912 TTGACGGGACAAGTCCCCCGATCCTTGGTTAACTATACAAGCTTGGAAGCTATTGATTTGGGGAACAACAAGTTAAATGA 
 
 
I-7      1971 CACGTTCCCAATATGGCTCGAGAAACTTCCAAACCTACAAGTTTTGATTCTGAAATCAAATCTCTTTCACGGTCCAATTG 
LA716_o8 1971 CACGTTCCCAATATGGCTCGAGAAACTTCCAAACCTACAAGTTTTGATTCTGAAATCAAATCTCTTTCACGGTCCAATTG 
Heinz_o8 1977 TACGTTCCCCATATGGCTGGAGAAACTTCCAAACCTACAAGTTTTGATTCTGAAATCAAATCTCTTTCACGGTCCAATTG 
Trist_p8 1995 CACGTTCCCCATATGGCTCGAGAAACTTGCAAACCTACAAGTTCTGATTCTTAAATCAAATCTCTTTTACGGTCCAATTG 
LA716_p8 1995 CACGTTCCCCATATGGCTCGAGAAACTTGCAAACCTACAAGTTCTGATTCTTAAATCAAATCTCTTTTACGGTCCAATTG 
LA716_p6 1992 CACGTTCCCCATATGGCTGGAGAAATTTCCATACCTACGAGTTCTGATTCTGAAATCAAATCTCTTTCACGGTCCAATAG 
Heinz_p6 1992 CACGTTCCCCATATGGCTGGAGAAATTTCCATACCTACGAGTTCTGATTCTGAAATCAAATCTCTTTCACGGTCCAATTG 
 
 
I-7      2051 GTGATTTGGAGTCTGAATTTCCATTTCCTGAGTTACGAATCTTTGACCTTTCCTTCAATGGGTTCACTGGAACTTTGTCA 
LA716_o8 2051 GTGATTTGGAGTCTGAATTTCCATTTCCTGAGTTACGAATCTTTGACCTTTCCTTCAATGGGTTCACTGGAACTTTGTCA 
Heinz_o8 2057 GTGATTTGGAGTCTGAATTTCCATTTCCTGAGTTACGAATCTTTGACCTTTCCTTCAATGGGTTCACTGGAACTTTATCA 
Trist_p8 2075 GTGATTTGGAGTCTGAATTTCCATTTCCTGAGTTACGGATCCTAGACCTTTCCTTTAATGGGTTCAATGGAACTTTGCCA 
LA716_p8 2075 GTGATTTGGAGTCCGAATTTCCATTTCCTGAGTTACGGATCCTAGACCTTTCCTTTAATGGGTTCACTGGAACTTTGCCA 
LA716_p6 2072 GTGATTTCGAGTCCGAATTTCCGTTTCCTGAGTTACGAATCTTTGACCTTTCCTGCAATGGGTTCACAGGAACTTTGCCA 
Heinz_p6 2072 GTGATTTCGAGTCCGAATTTCCATTTCCTGAGTTACGAATCTTTGACCTTTCCTGCAATGGGTTCACAGGAACTTTGCCA 
 
 
I-7      2131 TCTAATCTTTTCAAAAGCTTTAGAGGTATGATGGATGCGGATGAAGGAAAATCAGGAATTAGTCGAGCTAGGAATAGGAC 
LA716_o8 2131 TCTAATCTTTTCAAAAGCTTTAGAGGTATGATGGATGCGGATGAAGGAAAATCAGGAATTAGTCGAGCTAGGAATAGGAC 
Heinz_o8 2137 TCTAATCTTTTCAAAAGTTTTAGAGGTATGATGGATGTGGATGAAGGAAAAGCAGGAATTAGTCGATCTTGGAATGGGAC 
Trist_p8 2155 TCTAATCTTTTCAAAAGTTTCAGAGGTATGATGGATTTGGATGAAGAAAATACAGGAATTACTCAAGTAAGTAAAAGCAA 
LA716_p8 2155 TCTAGTCTTTTCAAAAGTTTCAGAGGTATGATGGATTTGGATGAAGAAAATACAGGAATTACTCAAGTAAGTAAAAGCAA 
LA716_p6 2152 TCTAAGTTTTTCAAAAGTTTCAGAGGTATGATGGATGTGAATGAAAAAAAAACAGGAATTACTCAAGTTACTAAAAGGAC 
Heinz_p6 2152 TCTAAGTTTTTCAAAAGTTTCAGAGGTATGATGGATGTGAATGAAAAAAAAACAGGAATTACTCAAGTTACTAAAAGGAC 
 
 
I-7      2211 ACGCAGAGATTACCTTTACCATGTTAGTTTAGTGATAAAAGGCAATGAGTTTGATATGAGAATCACATCAATTATGACGA 
LA716_o8 2211 ACGCAGAGATTACCTTTACCATGTTAGTTTAGTGATAAAAGGCAATGAGTTTGATATGAGAATCACATCAATTATGACGA 
Heinz_o8 2217 TCGGAGAGATTACTTTTACCATGTTAGTTTAGTGATAAAAGGCAATGAGTTTGATATGAGAATCACATCAATTATGACGA 
Trist_p8 2235 TGACACAGATTACCTTTACCATGTTAGTTTAGTGATAAAAGGTAATGAGTATGATATGAGAATCACGTCAATCATGACGA 
LA716_p8 2235 TGACACAGATTACCTTTACCATGTTAGTTTAGTGATAAAAGGTAATGAGTATGATATGAGAATCACGTCAATCATGACGA 
LA716_p6 2232 TCTCAGAGGTTATCTTTACCATGTTAGTTTGATGATAAAAGGTAATGAGTTTAATATGAGAATCACGCCAATCATGACGA 
Heinz_p6 2232 TCTCAGAGGTTATCTTTACCATGTTAGTTTGATGATAAAAGGTAATGAGTTTAATATGAGAATCACGCCAATCATGACGA 
 
 
I-7      2291 GTGTTGATTTATCAAGCAACAGGTTTGAAGGAGATATTCCAAATTCCATTGGAAATCTGAGCTCACTTGTGTTACTCAAC 
LA716_o8 2291 GTGTTGATTTATCAAGCAACAGGTTTGAAGGAGATATTCCAAATTCCATTGGAAATCTGAGCTCACTTGTGTTACTCAAC 
Heinz_o8 2297 GTGTTGATTTATCAAGCAACAGGTTTGAAGGAGATATTCCAATTTCCGTTGGAAATCTGAGGTCACTTGTGTTACTAAAC 
Trist_p8 2315 GTGTTGATTTATCAAGCAACAGGTTTGAAGGAGATATTCCAAAATCCATTGGAAGTCTGAGGTCACTTGTGTTACTAAAC 
LA716_p8 2315 GTGTTGATTTATCAAGCAACAGGTTTGAAGGAGATATTCCAAAATCCATTGGAAGTCTGAGGTCACTTGTGTTACTAAAC 
LA716_p6 2312 GTGTTGATCTATCAAGCAACAGGTTTGAAGGAGATATTCCAAATTCCATTGGAAGTCTGAGCTCACTTGTCTTACTCAAC 
Heinz_p6 2312 GTGTTGATCTATCAAGCAACAGGTTTGAAGGAGATATTCCAAATTCCATTGGAAGTCTGAGCTCACTTGTCTTACTCAAC 
 
 
I-7      2371 CTGTCTCACAACAGCTTCCGTGGTCATATTCCTGCAGAATTTACAAAGTTGCAGCAGCTCGAAGCATTAGATCTCTCATG 
LA716_o8 2371 CTGTCTCACAACAGCTTCCGTGGTCATATTCCTGCAGAATTTACAAAGTTGCAGCAGCTCGAAGCATTAGATCTCTCATG 
Heinz_o8 2377 CTATCCCACAACAGCTTCCGTGGACATATTCCTGCAGAATTCACAAAGTTGCAGCAGCTCGAAGCATTAGATCTCTCATG 
Trist_p8 2395 CTATCCCACAACAGCTTCCGTGGTCATATTCCTGCAGAATTTACAAAGTTGCAGCAGCTCGAAGCATTAGATCTCTCGTG 
LA716_p8 2395 CTATCCCACAACAGCTTCCGTGGTCATATTCCTGCAGAATTTACAAAGTTGCAGCAGCTCGAAGCATTAGATCTCTCGTG 
LA716_p6 2392 TTGTCTCACAACATTTTCCATGGTCATATTCCTGCAGAATTTACAAAGTTGCAGCAGCTCGAAGCATTAGATATCTCATG 
Heinz_p6 2392 TTGTCTCACAACATTTTCCATGGTCATATTCCTGCAGAATTTACAAAGTTGCAGCAGCTCGAAGCATTAGATATCTCATG 
 
 
I-7      2451 GAACAGACTCATAGGAGAAATTCCAGGTCAATTGTCGAGTTTGACATTTCTTGAGGTCTTAAACCTTTCCTACAATCATC 
LA716_o8 2451 GAACAGACTCATAGGAGAAATTCCAGGTCAATTGTCGAGTTTGACATTTCTTGAGGTCTTAAACCTTTCCTACAATCATC 
Heinz_o8 2457 GAACAGACTCATTGGAGAAATTCCAGGTCAATTGTCGAGTTTGACATTTCTCGAGGTCTTAAACCTTTCCTACAATCATC 
Trist_p8 2475 GAACAGACTCATAGGAGAAATTCCAGGTCAATTGTCGAGTTTGACATTTCTTGAGGTCTTAAACCTTTCCTACAATCATT 
LA716_p8 2475 GAACAGACTCATACGAGAAATTCCAGGTCAATTGTCGAGTTTGACATTTCTTGAGGTCTTAAACCTTTCCTACAATCATC 
LA716_p6 2472 GAACAGACTCATCGGAGAAATTCCAGGTCCATTGTCGAGTTTGACATTTCTTGAGGTGTTAAACCTTTCGTACAATCATC 
Heinz_p6 2472 GAACAGACTCATCGGAGAAATTCCAGGTCCATTGTCGAGTTTGACATTTCTTGAGGTGTTAAACCTTTCGTACAATCATC 
 
 
I-7      2531 TGGCTGGGCGCATTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCGTATTGTGGAAATCCTGATTTATGTGGA 
LA716_o8 2531 TGGCTGGGCGCATTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCGTATTGTGGAAATCCTGATTTATGTGGA 
Heinz_o8 2537 TGGCTGGGCGCATTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCGTATTGTGGAAATCCTGATTTATGTGGA 
Trist_p8 2555 TGGCTGGGCGAATTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCGTACTGTGGAAATCCTGATTTATGTGGA 
LA716_p8 2555 TGGCTGGGCGCGTTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCGTATTGTGGAAATCCTGATTTATGTGGA 
LA716_p6 2552 TGGCTGGGCGCATTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCATACTGTGGAAATCCTGGATTATGTGGA 
Heinz_p6 2552 TGGCTGGGCGCATTCCTATTGGGAAACAGTTCAATACATTTCCAAATGATTCATACTGTGGAAATCCTGGATTATGTGGA 
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I-7      2611 TTTCCACTGTCAATGGAGTGTGGAAACAATAATGAGTCACCACTTGAACGCGATGATAGTGATGATGATGATGATGATTC 
LA716_o8 2611 TTTCCACTGTCAAAGGAGTGTGGGAACAAAAATGAGTCACCACTTGAACACGA---------TGATGATGATGATGATTC 
Heinz_o8 2617 TTTCCACTGTCAAAGGAGTGTGGGAACAGAAATGA------------ACACGATGATA---ATGATGATGATGATGATTC 
Trist_p8 2635 TTTCCACTGTCAAAGGAGTGTGGGAACAAAAATGAGTCACCACTTGAACACGA---------TGATGATGATGATGATTC 
LA716_p8 2635 TTTCCACTGTCAAAGGAGTGTGGAAACAATAATGAGTCACCACTTGAACACGA---------TGATAGTGATGATGATTC 
LA716_p6 2632 TTTCCACTGTCAAAGGAATGTGGAAACAATAATGAGTCACCACTTGAACACGA---------AGATGATGATGATGATTC 
Heinz_p6 2632 TTTCCACTGTCAAAGGAATGTGGAAACAATAATGAGTCACCACTTGAACACGA---------------AGATGATGATTC 
 
I-7      2691 ATTTTTTATGAGCGGGTTCACATGGGAAGCAGTTGCAATAGGTTATGGTTGTGGTATGATATTTGGATTGTTGATAGGAG 
LA716_o8 2682 ATATTTTATGAGCGGGTTTACATGGGAAGCAGTTGCAATAGGTTATGGTTGTGGTATGATAGTTGGATTGTTGATTGGTG 
Heinz_o8 2682 ATATTTTATGAGCGGGTTTACATGGGAAGCAGTTGCAATAGGTTACGGTTGTGGTATGATATTTGGATTGTTGATAGGAG 
Trist_p8 2706 ATATTTTATGAGCGGGTTCACATGGGAAGCAGTTGCAATAGGTTATGGTTGTGGTATGATATTTGGATTGTTGATTGGTG 
LA716_p8 2706 ATTTTTTATGAGCGGGTTCACTTGGGAAGCAGTTGTAATAGGTTATGGTTGTGGTATGATATTTGGATTGTTGATAGGAG 
LA716_p6 2703 ATTTTTTATGAGCGGGTTCACATGGGAAGCAGTTGTAATAGGTTATGGTTGTGGTATGATATTTGGATTGTTGATAGGCG 
Heinz_p6 2697 ATTTTTTATGAGCGGGTTCACATGGGAAGCAGTTGTAATAGGTTATGGTTGTGGTATGATATTTGGATTGTTGATAGGCG 
 
 
I-7      2771 CCCTAATGTTTCTACTGGAAAAACCAAAATGGTATGTGAAGTTTGCTGAAGATATTGCTCAGCAAATTGCTGCTAAGAAG 
LA716_o8 2762 GACTTATGTTTCTATTGGAAAAACCAAAATGGTATGTGAATTTTGCTGAAGATATTGCTCAGCAAATTGCCGCTAAGAAG 
Heinz_o8 2762 GCCTCATGTTTCTACTGCAAAAACCAAAATGGTATGTGAAGTTTGCTGAAGATATCGCTCAACAAATTGCTGCTAAGAAG 
Trist_p8 2786 GACTCATGTTTCTATTGGAAAAACCAAAATGGTATGTGAAGTTTGCTGAAGATATTGCTCAACAAATTGCTGCTAAGAAG 
LA716_p8 2786 GACTAATGTTTCTGCTGGAAAAACCAAAATGGTATGTGAATTTTGCTGAAGATATTGCTCAACAAATTGCTGCTAAGAAG 
LA716_p6 2783 GCCTCATGTTTCTATTGGGAAAACCAAAATGGTATGTGAACTTTGCTGAAGATATTGCTCAACAAATTAGTGCTAAGAAG 
Heinz_p6 2777 GCCTCATGTTTCTATTGGGAAAACCAAAATGGTATGTGAACTTTGCTGAAGATATTGCTCAACAAATTAGTGCTAAGAAG 
 
 
I-7      2851 CGAACAAGGCAAAAGAAGATACGCCAAAGACGTGGTGTAAGAATGAATTAG 
LA716_o8 2842 CGAACAAGGCAAAAGAAGAGACGTCAAAGACATGGTGTAAGAATGAGTTAG 
Heinz_o8 2842 CGAAAAAGGCAAAAGAAGAGACGTCAAAAACGTGGTTTAAGCATGAATTAG 
Trist_p8 2866 CGAAAAAGGCAAAAGAAGAGACGTCAACGACGTGGTGTAAGAATGAATTAG 
LA716_p8 2866 CGAAAAAGGCAAAAGAAGAGACGTCAAAGACGTGGTGTAAGAATGAATTAG 
LA716_p6 2863 GGGACAAGGCAAAAGAAGAGACGTCAAAGACGTGGTCTACGA-TGAATTAG 
Heinz_p6 2857 GGGACAAGGCAAAAGAAGAGACGTCAAAGACGTGGTCCACGA-TGAATTAG 
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